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Disclaimer 
The ideas and opinions expressed within this report are those solely of Michael Koopmans, Catlin 
Mattheis, and Austin Lawrence. Moreover, the ideas and solutions expressed in this document are to 
be shared within the NASA and greater aerospace community for the added wisdom pertaining to 
electro mechanical actuator test stands. 
 
Abstract 
The Prognostic Center of Excellence at NASA Ames is currently researching actuator prognostics, 
specifically in the application of electro mechanical actuators (EMA’s). Cal Poly ME students 
Michael Koopmans and Catlin Mattheis and EE student Austin Lawrence have chosen to undertake 
the task of building a test stand that will be flown in flight while testing EMA’s specific faults. A 
stand was designed to fit inside a standard 19” rack, take power from the aircraft 3 EMA’s, a 
computer, data acquisition, and electric magnets switches are powered. A MIL STD 1553 interface is 
present to allow fault injection. Vibration and temperature data can be recorded during experiments. 
However, due to time constraints, not all tests were completed and the control system needs 
optimization. The stand is 90% complete and with a little more work the test stand should generate 
interesting and valuable data to compliment the Health Systems Management algorithms relating 
actuator faults and numerical relationships. 
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Nomenclature 
Faults – referenced throughout the project, this word groups together anything wrong with the 
actuator. Examples: aged electronics in feedback loop, spalled ball bearing in ball screw nut, worn 
threads on lead screw, thermal effects (shrinking and expanding) of actuator components.  
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Chapter 1 Preliminary Design  
 
Before any thoughts of what our test stand is to accomplish or even look like there needs to be  in 
depth research completed in the field of electro mechanical actuators. 
1.1 – Introduction 
 
An Electro-Mechanical Actuator Test Stand for In-Flight Experiments has been proposed to the 
Mechanical Engineering Cal Poly Senior Project Class by the Prognostic Center of Excellence 
(PCoE) at NASA Ames Research Center. Two students (Mike Koopmans & Catlin Mattheis) have 
been chosen to complete this project with the guidance of NASA scientists (Dr. Goebel, Dr. Saxena, 
Dr. Balaban), our lab advisor Professor Sarah Harding and other Cal Poly professors. This project is 
to be a 3 quarter journey; the first being a design phase, the second being a build phase and the third 
being a testing phase. This report is designed to divulge our current knowledge of the technology 
involved, our objectives for the project, the system concepts we have conceived and how we are 
going to go about the timely completion of the test stand. The purpose of this document is to 
thoroughly explain our project. 
 
Electro mechanical actuation is slowly replacing the hydraulic actuation systems throughout the 
aviation industry for its efficiency and reliability. The differences between hydraulic and electro 
mechanical systems are explained in the Background section, however they serve the same purpose; 
to manipulate aircraft components accordingly to provide a stable flight surface. On the flip side, if 
the actuation system in an aircraft fails, a stable flight surface cannot be created, the pilot loses 
his/her steering control and people are likely to die. For example, in 1989, United Airlines Flight 232 
crashed in Sioux City, Iowa killing 112 people. In that tragedy, a titanium blade in the tail-mounted 
engine liberated, continuing through the turbine engine where the resulting spray of shrapnel 
severed all three redundant hydraulic lines, causing a complete loss of hydraulic power. 
 
The high risk involved with air transportation demands the need for extensive testing of the electro 
mechanical actuation systems that will be replacing the hydraulic systems of today. Enter the PCoE 
Intelligent Systems Division, which develops prognostic and diagnostic methods and algorithms to 
determine the remaining useful life of actuation systems in aircraft. The purpose of this research is 
to tell a pilot who has a faulty actuation system how much time is available to safely land the aircraft. 
The first step in testing is to acquire electro mechanical actuators (EMA’s) like the one seen below in 
Figure 1:1, followed by building a test stand. 
 
 
 
 
 
 
Figure 1:1: Direct Drive Ball Screw EMA. Courtesy Moog Inc. 
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A test stand has already been built and is in use at the PCoE and is seen below in Figure 1:2. The 
problem, though, is that faults have not been directly injected into the actuators and the test stand is 
too bulky to ride on an aircraft. A fault is to be defined as something wrong with the actuator; be it a 
spalled motor bearing, insufficient lubrication, faulty electronics, debris in the return channel of the 
metal shaft or something we have not thought of yet. The reason for these additional attributes of 
testing is to gather more realistic test data with which PCoE can use to build their algorithms. 
 
 
 
 
Enter the Cal Poly team; our job is to build a test stand that is able to test in flight and inject faults; 
two things that the current test stand is unable to do. The scope of this project is to scale down the 
existing test stand to one that is self containing; essentially a black box that the scientists at the 
PCoE can feed position profiles/fault scenarios and receive legitimate test data after a flight.  Using 
this test data, the scientists can build algorithms that autonomously diagnose problems within the 
actuators and predict their remaining useful life. 
 
To assist in the design of this complicated machine, systems engineering design principles, QFD, 
Pugh matrices and other design tools will be used to complete this project in a timely manner. The 
goal of this project is to design, build, test and deliver a working prototype by June 4th 2009. 
  
Figure 1:2: The Electro Mechanical Test Stand at the PCoE. Courtesy NASA. 
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1.2 – Background 
 
Development of reliable power-by-wire actuation systems for both aeronautical and space 
applications has been sought recently to eliminate hydraulic systems from aircraft and spacecraft and 
thus improve safety, efficiency, reliability, and maintainability [1].  A comparison of hydraulic 
systems and EMA systems is given in the Table 1:1 below. Actuation systems were not always the 
state of the art. Early actuation in aircraft consisted of many different ropes and pulleys to manually 
manipulate flight surfaces. With the advancement of engines in aircraft, extra power could be used 
to pressurize fluid, thus hydraulics were introduced. Next came the computer revolution and 
computer control became an integral part of the flying experience. With this advanced technology, a 
“power by wire” system became available; meaning the only two inputs to an actuator would be 
electrical power and computer command. With the advancement of computers, we are able to 
measure the response of actuators real time and detect problems instantly. 
 
Table 1:1: Comparison of Hydraulic vs. Electro Mechanical Actuation Systems for Aircraft. 
 
A prime example of a failure in a hydraulic system which could have been avoided if the aircraft had 
EMA’s is the crash of UA Flight 232 in 1989. In Figure 1:3 below, we can see the top view of the 
tail wing on the DC – 10 [2]. When shrapnel from the turbine engine severs the hydraulic lines, all of 
the hydraulic fluid pressure is lost and none of the actuators are able to move, hence the pilot is 
unable to steer the plane. An EMA system would combat this problem by having electricity, not 
hydraulic fluid, power the actuator. If an electrical wire was severed, a redundant line would carry 
the additional electrical load, in other words electricity would not be lost through the severed line.  
Electrical lines, however, are much less likely to be severed in an accident than hydraulic lines. 
 
The PCoE is conducting research into the diagnosis and prognosis of Electro-Mechanical Actuators 
(EMA) to replace the hydraulic systems.  The goals of this research are to develop: fault detection 
and propagation models, diagnostic/prognostic algorithms, a test stand for model development and 
verification, and standardized techniques/infrastructure for efficient and accurate knowledge 
transfer [3].  Our project is designed to address the test stand need.  
Attributes Hydraulic System EMA System 
Power Pressurized Fluid Electricity 
Safety If lines punctured, lead to complete loss 
of actuation for corresponding system 
Power EMA’s in parallel to avoid 
greater losses. 
Efficiency Pump required to keep a chamber filled 
with fluid pressurized to ~4000 psi at all 
times, possibly more than one pump on 
board for redundancy – adds weight. 
EMA pulls power when needed, no 
heavy storage units required. 
Reliability Hydraulic fluid takes time to impose load 
to actuator. Pinch points and temperature 
may affect response. 
Electrical signal faster, impervious to 
elements. 
Maintenance Lines corrode and need to be replaced, 
very time consuming & messy. 
Electrical lines last longer than 
hydraulic fluid lines, less prone to 
accidental damage. 
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Parker, Lockheed Martin and Dynamic Controls Inc. all teamed up to place seeded faults in Parker 
EMA’s to study and analyze their response [4]. Selected mechanical components of several actuators 
were seeded with an abrasive contaminant to achieve accelerated wear and placed on the test stand 
as seen in Figure 1:5 below. Although the scope of this effort was relatively limited, it revealed some 
potentially useful wear indicators, along with many areas of difficulty for which further effort is 
recommended [4]. The test results indicated that no one failure pre-cursor worked very well for all 
of the components tested. However, the failure criteria chosen could have an effect on the validity 
of this statement. Consequently, the failure criteria must be chosen carefully for each relevant failure 
pre-cursor [4]. The conclusions of this report are very important to our project and will be taken 
seriously. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In order to study the life span of EMA’s, faults need to be either electronically loaded by biasing 
voltages to the actuator that mimic a fault response or physically imposing a fault on an actuator, 
then testing it and collecting data. The PCoE has not to our knowledge physically imposed a fault on 
an actuator; our task would be to possibly contaminate the EMA’s bearings like they did in the tests 
at Dynamic Controls and switch in flight to this contaminated actuator and measure its response. 
Although a group at Moog Inc. has been working with the PCoE and they have injected faults into 
the same actuator model than the one currently on the test stand and data has been taken. 
 
We visited the PCoE on Wednesday, October 15, 2008 and saw the current test stand and talked 
with Kai, Abhinav and Edward. The load and test actuator are in line with each other, the ideal 
mounting setup. Due to space constraints, our stand might not be able to copy this mounting and 
alignment scheme. The current test stand is outfitted with many sensors including a load cell to 
measure force between the load and test actuator, several accelerometers to measure vibrations, 
magnetostrictive sensors, lasers and linear encoders to measure position, thermocouples to measure 
temperature on the ball screw, resolvers to measure the angle of the rotor. Our test stand will have 
Figure 1:5: Test Setup at Dynamic Controls Inc. Courtesy Parker, Lockheed & Dynamic Controls
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similar sensors; however price will have to be kept in mind. Our visit to the PCoE and the previous 
case studies found are vital to the understanding and concept of our future test stand.  
 
1.3 – Objectives 
 
We intend to deliver a reliable and useful stand on which linear electro-mechanical actuators can be 
tested while on-board an aircraft. The stand’s intentions will be to gather information on a specific 
actuator’s current, temperature, vibration & position profiles while remaining capable of being 
installed on several different aircraft. Our test stand will be self containing; requiring only power and 
load information inputs. The stand will also have the ability to accept new fault scenarios and 
position profiles while being capable of storing the load applied and all the data sensed from the test 
actuator. This independent stand will allow for more realistic testing of electro-mechanical actuators 
by placing the stand inside an aircraft and receiving real-time dynamic load information from the 
aircraft and surrounding elements.  
 
The US Army’s Developmental Test Command [5] has issued a series of standards that identify 
various environmental aspects associated with testing and several of them will be followed for our 
project. This will require us to become familiar with the parts of MIL – STD 810 that are relevant to 
our project specifically for vibration and air moisture requirements of the test stand.  
 
As in any new design, a list of customer requirements exists, however these do not tell us the 
engineering specifications that will be measured and analyzed to judge the system on its success. 
This is why we employed Quality Function Development (QFD) techniques (Appendix 1) to take 
these requirements from the PCoE and transform them into engineering specifications with targets, 
risk levels and units where applicable. A risk level is defined as the importance and or difficulty of 
the specific specification. The following specifications in Table 1:2 are attributes of the test stand 
that are to comply by testing (T) analysis (A) or inspection (I); have it been by inspection (Spec 22), 
testing (Spec 7) or analysis (Spec 28). The risk level is the ability to meet that specific requirement. 
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Table 1:2: Engineering Requirements/Specifications for Electro Mechanical Actuator Test Stand. 
 
1 Specific specification per MIL –STD810 for helicopters and jet engine aircraft 
2 Aircraft include F-15, F-18, Blackhawk, OH58, C-17, S-3, Globalhawk, Ikhana (Predator), GTmax. 
3 Input loads will be converted from input signal and scaled such that it works with the chosen actuators. 
4 DAQ card will contain enough input channels to accommodate all sensors, input signals, environment 
conditions, etc. A list will be compiled. 
5  Initial faults include  1) Wiring (shorts)  
2) Mechanical resistance increase (blockage in return channel)  
3) Vibration increase (spalling of bearings) 
6 Fully automated switch, triggered by pre-defined conditions; switching will result in change of wiring 
resistance, change of mechanical resistance or change of actuator (healthy to faulted) 
Spec 
# Parameter Description 
Requirement or 
Target Units Tolerance 
Risk 
Level Compliance 
1 Operating Pressure Range Sea level kPa, psi Up to 16000 ft H T, I 
2 Operating Env. Temp Range <0 degree C -10 – 100C H T, A, I 
3 G Loads 3g N, Lbf max H T 
4 Vibration Range 1 MIL – 514.5 Hz - H T, I 
5 Air Moisture1 MIL – 507.4  % H20 - M T, I 
6 Installation into various aircraft 2 Y n/a n/a M T, A 
7 Max Weight 30 kg 0 H T, A, I 
8 Max Length 50 cm 0 H I 
9 Max Width 30 cm 0 H I 
10 Max Thickness 30 cm 0 H I 
11 Power Input 28, 115 V/DC, V/AC - H T, I 
12 Input load information 3 1553 Bus V, A - M T, I 
13 EMA execute position profiles Y n/a n/a H T 
14 EMA Temp Range Same as Env. degree F,C n/a H T, I 
15 EMA Stroke 4 in max H T, I 
16 EMA Max Force 50  lb max H T, I 
17 EMA Vibration Range MIL-STD wavelength n/a M T, I 
18 Record output response of EMA Y n/a n/a M T, I 
19 DAQ input type 4 varies V,A, DC/AC unknown H I 
20 Controller meets command position Y n/a n/a M T, I 
21 Min. Storage Capacity 16 GB min L A, I 
22 Upload position profiles  Y n/a n/a L I 
23 Download recorded information Y n/a n/a L I 
24 Faults to be triggered 5 Y n/a n/a H I 
25 Fault switch type 6 Autonomous n/a n/a H T 
26 Easy Install/Remove Y n/a n/a L T 
27 Kill Switch Y n/a n/a L T 
28 Cost 5000 USD max H A 
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Now that the ground work has been laid for judgment of our future test stand, we must talk about 
hardware. The chassis for this project will need to be built out of something lightweight and 
inexpensive, like extruded aluminum which allows for flexible mounting schemes. We also need a 
coupling scheme that will transfer the load from the load actuator to the test actuator an accurately 
as possible (i.e. small losses in friction and misalignment). These two aspects of the test stand 
(chassis & mounting/coupling) will be the only moving parts and the most design intensive aspects 
of the project. The rest of the test stand (controller, data acquisition, power) is centered on 
electronics and we will most likely buy those components off the shelf for time considerations.  
To aide in system integration, we split up the functions of the test stand into two major sub-systems 
– Mechanical and Electrical. With these sub-systems in mind, we created four flows, they are as 
follows: 
 
Mechanical 
• Mechanical Load Flow – The load originates at the load actuator; goes through a coupling 
and to the test actuator. This load will dissipate through the test actuator and test stand.  
Electrical 
• Power Flow – everything on our stand is powered by electricity, we need to know what type 
of power each electronic component requires and the corresponding connectors. 
• Command/Control Flow – This refers to the closed loop control of the test actuators 
(position/velocity) and the load actuator (force/position). LabView will run our data 
acquisition software and support the motor drivers. 
• Record Flow – All data during the testing is to be recorded on a solid state disk. 
 
A diagram is supplied in Appendix 2 to aid in the understanding; these flows will be the basis for our 
sub-system concept design. As we gain more knowledge about each part of the sub-system, this 
diagram will be transformed into CAD drawings, control schemes, power relays and any other 
relevant details.  
 
1.4 – Future Use 
The stand is a proof of concept vehicle designed to be installed in a wide variety of aircraft, 
including its first test bay – the UH-60 BlackHawk helicopter as seen below in Figure 1:6. The 
standard 19” racks are located in the aft of the cargo area next to the sliding doors. 
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Figure 1:6: UH 60 Blackhawk helicopter, test stand location indicated by red arrow. 
1.3.1 – Summary – Project Observations 
The design for this test stand is very dependent and intricate, each component relies on the other, 
for instance, to properly control the actuator, its power and command inputs must be in place and 
the sensors must be operational to give feedback data. This integration will make or break our 
project. Early in the project we had foreseen a large amount of time being devoted to controller 
design specifically, possibly more than we are able to commit to. As this was only a two man team 
until the middle of winter quarter, when our EE member Austin joined, valuable design and 
ordering time was lost. Due to these circumstances a fully functional test stand could very likely be 
out of reach under our time constraint. It’s more feasible to break this project into distinct phases, 
such as the following: 
 
Phase 1: Actuator & Chassis Build – mount actuators, coupling. 
Phase 2: Electronic Build – mount motherboard, power supply, data acquisition. 
Phase 3: Operational Controller & Storage – complete ability to upload position profiles. 
Phase 4: Fault Injection – complete ability to switch on/off faults. 
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Chapter 2 Design Development 
 
For the successful completion of the test stand there must be structured research, design, build and 
test phases. The complexity of the mechanical and electrical interactions within this project calls for 
adequate research in the field of EMA’s, controller design, power supply, and the structural aspects 
of the stand. The design phase is the most important part of our project; here we will start by 
breaking the project into several sub-systems; distinct design layers that can be easily referenced and 
analyzed. First, the break down is fundamental and the sub systems are identified as Mechanical and 
Electrical. Table 2:1 is an outline of the sub-systems: 
 
Table 2:1: System Outline. 
Mechanical Electrical 
Actuator Power Supply 
Coupling Central Processor 
Bearing Support Controllers 
Switch Sensors 
Chassis Data Acquisition 
 Storage 
 Data Access 
 
The development will include ideation, warnings, preliminary analysis where applicable, and 
decisions on what concepts and components to use. 
 
2.1 – Mechanical 
Due to the advanced technology involved with the electronic components within our test stand, we 
have primarily focused on the structural layout of the test stand during our concept phase. 
 
2.1.1 – Actuator  
The actuator is the single most important aspect of our project; therefore we must make sure that 
the actuator is operational in the environment required and transfers the load accurately. This 
includes accurate coupling of the load and test actuators as well as reliable switching. Actuator 
research is paramount to the timely completion of our test stand; because of long lead times and the 
dependency of the entire platform resting on this decision, it goes first. A ball screw type EMA is 
what is on the PCoE test stand now and we will seek the same type for our project. A lot of leg 
work has been done and can be seen in our spreadsheet of progress (Appendix 3). One example of 
how tedious this task has been was receiving a Parker catalog in the mail; however, it was a catalog 
of pneumatic actuators, not electro mechanical. We have realized that it takes some time for our 
inquiries to filter to the right people. Large bumps in our attempts have been found, with the largest 
being a $12,000 quote from Mood with a lead time of 26 weeks. Nevertheless, our progress is shown 
up until middle of winter quarter when Ultra Motion was discovered.  
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Ultra Motion 
The Bug actuator from Ultra Motion has been chosen for our test stand. Some requirements of the 
actuator (operate in extreme environments, condensation compensation) will have to be negotiated 
because the technology of an actuator warrants a certain price. Cost is our driving factor behind this 
project and this actuator fits our price constraint. Other actuators (Exlar) are used in aircraft 
actuation; however their prices ($4000 ea.) eliminate them from our available choices. Some available 
features and Figure 2:1of the Bug, as taken from the Ultra Motion website are shown below. 
 
Features 
• Speeds to 20 in/sec 
• Thrusts to 500 lbs. 
• Quiet KevlarT-polyurethane drive belt 
• Bi-directional repeatability to +/-.0003 inches 
• Uni-directional repeatability to +/-.0001 inches 
• Wide range of mounting options 
• Adjustable slip clutch 
• Light-weight design 
 
 
 
 
Figure 2:1: Ultra Motion’s Bug Actuator.
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Faults 
Certain faults are to be tested on the stand and it’s up to the PCoE to determine what those are. 
Originally, the actuator decision was to be partially based on the specific faults we wished to study, 
however with only one company that is able to provide us the most economical actuator solution, 
we have removed the fault contribution to the actuator selection process. However, to measure the 
faults, sensors must be installed on the actuator – that we can do. As much information about the 
actuator during certain faults is desired, this includes: force, position, velocity, temperature, and 
vibrations. The next question is what sensor to choose and where to mount it for an accurate 
reading. 
 
Sensors 
To measure force, a load cell is to be placed on the nose of the load actuator. Because these are very 
expensive, only one is to be purchased. Position and velocity measurements will come from either a 
potentiometer or optical encoder – both of which are an option with the actuator. Both test 
actuators will exhibit the same temperature and vibration measurement setup as specified by Edward 
Balaban. For vibration, an accelerometer is to be mounted on the motor/housing interface and on 
the ball nut. For temperature, a thermocouple is to be mounted on the motor housing and the ball 
nut as well. Each actuator will have current and voltage sensors as well, hopefully integrated with the 
motor drivers. The load cell’s purpose is to record the force/time relationship imposed on the test 
actuator, while the thermocouple is to record the temperature/time relationship of the motor 
housing and ball nut. The accelerometers are to sense the vibrations of the ball nut and of the stand 
itself. The specific placement of each and the corresponding data acquisition will be detailed later.  
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2.1.2 – Coupling  
No other test stand attribute affects the accuracy of the test measurements than the mounting and 
associated coupling of the actuators. Each concept is flexible for one or two test actuators.  
 
A coupling is designed to transfer a load from one component to another. A good coupling design 
has as short of a load path as possible. A load path is defined as the direction and distance a load 
travels from a source to a recipient. A load path that is long and changes direction a lot will induce 
additional stresses within the coupling, reducing its life and reliability.  For example, industrial 
turbines power large gas compressors by means of a rotating shaft. These shafts are very sensitive to 
misalignment; therefore the coupling must keep the load path as short as possible. Our actuator 
coupling design should not be much different; keep the load path short and alignment as straight as 
possible.  
 
After brainstorming several different ideas, we used a decision matrix to determine the best coupling 
concept. First we listed the attributes of the coupling and gave each a weight for how important that 
specific attribute is to the whole coupling design as seen in Table 2:2 below. A description of the 
non-basic criteria within the table is as follows: flexibility – ability of the design to accommodate 
multiple test actuators, air moisture – design vulnerability to rusting (i.e. bearing rails are sensitive to 
debris), manufacturability – skill involved in building the actual concept. 
 
 
Table 2:2: Attributes of the Coupling Decision Matrix. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Next, each concept attribute was given either a plus, minus or neutral for how it compares to the 
datum of the current test stand. The layout of our coupling concept description will consist of the 
following: pictures, explanation and its score. 
 
 
 
 
Coupling Decision    
Criteria/Attributes  Weight 
Flexibility  2
Air Moisture ‐ Rusting  2
Max Weight  4
Max Length  4
Max Width  4
Max Thickness  4
Power Input  1
Alignment  5
Coupling  5
Manufacturability  3
Cost  3
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Coupling Concept 1 – Small Linear 
Our first coupling concept is a replica of the current setup, only much smaller. To accommodate for 
the potential of additional actuators, more layouts were conceived. Three crude sketches of the 
different setups of this concept can be seen below in Figures 2.2-2.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Linear 1 has the closest to a perfect coupling as any other concept; its load path is the smallest and 
the alignment is near perfect. Linear 2 is a good option for the two test actuator setup. Redundant 
actuators are widely used in aircraft and spacecraft and this setup would mimic real scenarios given a 
fault injection into one of the actuators. Linear 4 is another option to consider; the load actuators 
would be identical and impose identical loads. The only difference being the de-coupling of the two 
test actuators. A drawback on this concept in general is the dimensional constraints. Smaller 
actuators will have to be purchased to fit in the allotted space. However, the main benefit of this 
setup is the alignment of the test & load actuator shafts, this will allow for the near perfect transfer 
of load. Above in Table 2.3 is the score for the Small Linear concept. 
Coupling Decision     Small Linear 
Criteria/Attributes  Weight  Rating  Score 
Flexibility  2  2 4 
Air Moisture ‐ Rusting  2  1 2 
Max Weight  4  1 4 
Max Length  4  ‐1 ‐4 
Max Width  4  1 4 
Max Thickness  4  1 4 
Power Input  1  ‐1 ‐1 
Alignment  5  2 10 
Coupling  5  1 5 
Manufacturability  3  1 3 
Cost  3  2 6 
Totals     10 37
Table 2:3: Small Linear Concept Score Box.
Figure 2:2: Concept Linear 1. One 
Load, One Test Actuator. 
Figure 2:3: Concept Linear 2. One 
Load, Two Test Actuators. Figure 2:4: Concept Linear 3. Two 
Load, Two Test Actuators. 
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Coupling Concept 2 – Indian Wrestling 
The next coupling concept seen below in Figure 2.5 is designed to accommodate larger actuators. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Due to a demand for larger actuators and their inherent ability to accurately mimic a potential large 
actuator on an aircraft, this concept has been born. However, the coupling needs to be reinforced 
because the load path has the potential to be very long. This design does not accept a second 
actuator easily. Table 2.4 below outlines its qualities. 
 
Coupling Decision     Indn Wresln 
Criteria/Attributes  Weight  Rating  Score 
Flexibility  2 ‐1 ‐2 
Air Moisture ‐ Rusting  2 ‐1 ‐2 
Max Weight  4 1 4 
Max Length  4 1 4 
Max Width  4 1 4 
Max Thickness  4 1 4 
Power Input  1 ‐1 ‐1 
Alignment  5 1 5 
Coupling  5 1 5 
Manufacturability  3 0 0 
Cost  3 1 3 
Totals     4 24 
Table 2:4: Indian Wrestling Concept Score Box.
Figure 2:5: Concept Indian Wrestling. One Load, 
One Test Actuator. 
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Coupling Concept 3 – Center Bearing 
The Center Bearing coupling design is almost the same as Indian Wrestling except the actuators are 
mounted side by side, see Figure 2.6-2.7 below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This setup yields an easier power and control hookup because the actuator inputs are next to each 
other. The center bearing adds extra support for the moment that is created when the load or test 
actuator shaft moves. The primary driving factor for this design is length constraints because its 
alignment is not ideal. However, given a beefy enough bearing and coupling the alignment could be 
sufficient. Something that we have to keep in mind though is the effect of the added weight 
connected to the EMA. See Table 2.5 below for its score. 
 
Table 2:5: Center Bearing Concept Score Box. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Coupling Decision     Center Brg 
Criteria/Attributes  Weight  Rating  Score
Flexibility  2 2 4
Air Moisture ‐ Rusting  2 ‐1 ‐2
Max Weight  4 1 4
Max Length  4 1 4
Max Width  4 1 4
Max Thickness  4 1 4
Power Input  1 1 1
Alignment  5 1 5
Coupling  5 1 5
Manufacturability  3 0 0
Cost  3 ‐1 ‐3
Totals     7 26
Figure 2:6: Concept Center Bearing 
2. One Load, Two Test Actuators.
Figure 2:7: Concept Center Bearing 1. 
One Load, One Test Actuator. 
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Coupling Concept 4 – Bearing Rails 
Bearing Rails is almost the exact same concept except as Center Bearing except the rails are placed 
directly under the EMA shaft rather than in between them as seen in Figure 2.8 below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The only benefit over the Center Bearing concept is that this concept might be easier to build by 
directly coupling the bearing end to the mount at the end of the EMA shaft. In the current test 
stand there is a hookup like this; directly below the coupling and load cell is a support connected to 
a bearing rail as seen in Figure 1.2. This concept is modeled after that. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Coupling Decision     Brg Rails 
Criteria/Attributes  Weight  Rating  Score
Flexibility  2 2 4
Air Moisture ‐ Rusting  2 ‐1 ‐2
Max Weight  4 1 4
Max Length  4 1 4
Max Width  4 1 4
Max Thickness  4 1 4
Power Input  1 1 1
Alignment  5 1 5
Coupling  5 1 5
Manufacturability  3 1 3
Cost  3 ‐1 ‐3
Totals     8 29
Table 2:6: Bearing Rails Concept Score Box.
Figure 2:8: Bearing Rails Concept. One 
Load, One Test Actuator. 
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Coupling Concept 5 – Geared 
Our final coupling concept uses gears to transfer the load as seen in Figure 2.9 below.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Gear concept is a radically different approach to the coupling of the actuators which could be 
further developed into an elegant solution. We see a potential way to couple a second test actuator 
easily, however due to the complexity of the gears; this concept probably won’t be our first choice. 
Gears are also very expensive. See Table 2.7 for the Geared score. 
 
 
 
 
Table 2:7: Geared Concept Score Box. 
Coupling Decision     Geared 
Criteria/Attributes  Weight  Rating  Score 
Flexibility  2 1 2
Air Moisture ‐ Rusting  2 ‐1 ‐2
Max Weight  4 ‐1 ‐4
Max Length  4 1 4
Max Width  4 1 4
Max Thickness  4 ‐1 ‐4
Power Input  1 1 1
Alignment  5 ‐1 ‐5
Coupling  5 1 5
Manufacturability  3 ‐1 ‐3
Cost  3 ‐1 ‐3
Totals     ‐1 ‐5
 
 
 
Figure 2:9: Geared Concept. One Load, 
One Test Actuator. 
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Coupling Conclusion 
The coupling concept we chose depended on the actuators chosen, due to size constraints. Based on 
our design requirements, the best option for the three Ultra Motion Bug actuators is the Center 
Bearing concept. Adding a bearing support will enable us to accurately transfer the load. The 
schematic below, in Figure 2.10, is our final design for the actuator coupling showing the magnetic 
switch. The next section describes the decision for the magnetic switch. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.1.3 – Bearing Support  
The bearing support is designed to keep the alignment of the actuator shafts parallel and straight, 
retaining as much of the axial force from the load actuator as possible. The linear rail – guide block 
assembly as seen below in Figure 2.11, executes this by housing ball bearings, keeping the rail clean, 
and providing a constrained straight path. Referring to Figure 2.10, we see that two of these rail 
assemblies will be needed. We will buy these components off the shelf, probably from McMaster or 
THK – large suppliers of this technology who have literature on the complete dimensions and 
allowable moments on the guide blocks. Some other issues to consider when choosing the size are 
the placement of the threaded holes and studs of the connecting rigid bar and the components of 
the switch. Our guide block will have threaded holes on its top for the mounting of the coupling like 
Figure 2:11 seen below. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:10: Final Coupling Choice. 
Two Test Actuators, Symmetrical.
Figure 2:11: Guide Block Mounted on Linear Rail.
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2.1.4 –Switch 
A requirement of the test stand is to autonomously switch from a healthy actuator to a faulted 
actuator. To do this without any manual interaction calls for the use of electrically controlled catch 
and release mechanism between the actuator nose and the rigid bar.  
 
Switching Concepts 
 
Mechanical Switch 
Several concepts for a mechanical switch were conceived.  These included a screw type connection 
that would couple the actuator being tested via a threaded connection and a friction connection 
scheme that would couple the actuators via a cinch ring similar to a seat-post clamp on a bicycle.  
Both of these systems would require additional actuation, motor drivers, and control systems to be 
feasible.  The drawbacks of a mechanical switching scheme are the additional complexities stated 
above and the need for the space to contain them. 
  
Magnetic Switch 
By employing surface contact DC powered electromagnets, we could achieve a switching scheme 
with no moving parts and easily controlled switching. The greatest obstacle for the correct working 
would be designing the control system for this.  Analysis of this is found in appendix 6. 
 
Lab Testing 
On Feb, 10, 2009 I met with a control professor here in the mechatronics lab – Dr. John Ridgely 
and we experimented with a rotary magnet. We supplied a current and the magnet turned, no 
current, it returned to its original position. I asked him about using the magnet as a coupling device 
and he sees no problem as long as each magnet is surrounded by a thin layer of steel - which the 
magnetic field, when turned on, will be contained in. Thermocouples are routinely mounted adjacent 
to magnets inside electric motor housing with legitimate measurement results being achieved.  
 
Electronically Controlled Switching 
Another option for neutralizing an actuator during an in-flight test will be a purely controls based 
solution.  We investigated the possibility of neutralizing the test actuator that is not being loaded 
using a closed-loop control system.  This system would turn the actuator that is not being analyzed 
“mechanically invisible” by telling it to maintain zero load on the coupling system.  This system 
would require each of the actuators to be fitted with a load cell so that the load actuator is only 
loading one of the test actuators.  The drawbacks of this system are the need for two additional load 
cells, which are very expensive, and the design of the control loop, which will add to the complexity 
of the control system and negatively affect the system response time.  
 
Switch Decision 
The magnetic switch is the simplest option from a controls standpoint – on and off. The only 
problem here that was raised by Edward is the effect of the magnetic field on the sensors of the test 
stand. I talked with Dr. Ridgely, a controls and mechatronics professor here at Cal Poly; he 
expressed no need to worry about the magnetic field as long as the magnet itself is insulated with 
steel – essentially capturing the field within the metal. With this insight and knowing the added 
complexity introduced trying to control the mechanical switch, we have decided to use the magnet 
as our switching device. The next step would be to size the magnet, a preliminary search found these 
electric magnets on McMaster – Carr’s website. 
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2.1.5 Chassis  
Mounting/Chassis Concepts 
The primary role of the chassis is to provide a secure mounting surface for the actuators and the 
corresponding coupling. Its other purpose is to capture the secondary forces of the actuators and 
disperse them throughout the frame. The chassis should also be able to be mounted inside a 
standard 19” rack. These requirements and more can be seen for the top three designs explained 
below and on the decision matrix in Appendix 4 (along with short descriptions of the chassis 
concepts).  Eight of the most reasonable designs were weighed against each other in this way and 
the top three choices are presented in more detail. 
 
6122 * 
6122 scored the second best when weighed against the other seven concepts.  This design is vaguely 
representative of a rectangular dinner platter. The bulk of the strength will come from the rigid 
bottom plate.  The other five walls will be comprised of a semi-structural support.  This frame will 
enable a protective lid to be mounted to the stand as well as mount to the aircraft.  See Figure 2.12 
below for a sketch of the concept 6122 and Table 2.8 for the concept score. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* The numbering scheme is a result of our ideation method. 
  
Lid will cover  
entire chassis. 
Figure 2:12: Chassis Design 6122.
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Table 2:8: 6122 Concept Scoring. 
Chassis Decision     6122 
Criteria/Attributes  Weight  Rating  Score 
Temperature Range1  1 1 1
Ease of Mounting2  2 ‐2 ‐4
Adaptability3  2 1 2
Weight4  4 ‐1 ‐4
Volume5  4 1 4
Strength6  4 1 4
Analysis7  3 1 3
Manufacturability  5 1 5
Cost  5 1 5
Accessibility8  3 1 3
Totals     5 19
[1] The temperature criterion reflects the ability to withstand high temperature ranges. 
[2] Ease of mounting establishes how easily a design will be able to mount in an aircraft. 
[3] Adaptability is the boxes ability to accept the coupling design schemes. 
[4] Weight is, specifically, how heavy the selected material will be. 
[5] Volume relates to the available internal volume of the stand. 
[6] Strength pertains to the selected materials strength to weight values. 
[7] Analysis was interpreted as how difficult the design will be to structurally analyze 
[8] Accessibility reflects how easily users will be able to reach all components of the stand 
4119 
4119 scored the highest of any design concept we came up with.  The design is similar to 6122 with 
the main structural plate placed at the center of a frame creating two usable hemispheres to mount 
electronics and actuators.  The center plate will also have a custom designed hole connecting both 
hemispheres to allow the actuators to be placed on both surfaces with the coupling scheme spanning 
this gap.  This scheme will require a set of lids/skin that would protect elements once the 
experiment was set up.  Figure 2.13 below shows a sketch of 4119.  Table 2.9 below shows how this 
design scored in the decision matrix. 
 
Two lids will cover both sides of the chassis. 
 
Opening to allow coupling scheme  
to pass between hemispheres. 
 
 
 
 
 
 
 
 
 
 
 Figure 2:13: Chassis Design 4119.
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Table 2:9: 4119 Chassis Concept Scoring. 
Chassis Decision     4119 
Criteria/Attributes  Weight  Rating  Score 
Temperature Range  1 1 1
Ease of Mounting  2 1 2
Adaptability  2 1 2
Weight  4 ‐1 ‐4
Volume  4 1 4
Strength  4 1 4
Analysis  3 1 3
Manufacturability  5 1 5
Cost  5 1 5
Accessibility  3 1 3
Totals     8 25
 
 
221 
The 221- design would be made from either off-the-shelf, extruded aluminum or a custom-built 
aluminum frame that would be welded together.  This frame would resemble a drawer with five 
structural sides and one open to allow access to the actuators.  Figure 2.14 shows an example of a 
similar structure as our stand built using pre-fabricated extrusions.  This chassis design would most 
likely be the cheapest and easiest to build but it remains to be seen how bulky it would need to be to 
contain the forces of the actuators.  As can be seen from Table 2.10 below, 221- scored third when 
compared to the other seven designs.  The reason this design does not have a final number is that 
the skin type/material has not yet been chosen.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:14: Example of Extruded 
Aluminum Test Stand. 
[Courtesy of Futura Industries] 
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Table 2:10: 221- Chassis Concept Scoring. 
Chassis Decision     221‐ 
Criteria/Attributes  Weight  Rating  Score 
Temperature Range  1 1 1
Ease of Mounting  2 2 2
Adaptability  2 ‐1 ‐2
Weight  4 1 4
Volume  4 1 4
Strength  4 1 4
Analysis  3 0 0
Manufacturability  5 0 0
Cost  5 1 5
Accessibility  3 ‐1 ‐3
Totals     5 17
 
As with the coupling design, the chassis design depends heavily on the actuator choice.  Each 
actuator has a different load rating and this maximum load will be the load that the chassis is 
designed to withstand.  Once the Bug actuators were chosen we were able to make a much more 
educated decision as to which chassis concept is the most appropriate. 
 
Chassis Conclusion 
Chassis concept 4119 will be the basis of our test stand. The usable volume will increase by placing 
the primary mounting plate in the middle of the stand.  In this configuration we are able to place 
mechanical components on one side of the plate and electrical on the other. Aluminum extrusion 
will be procured to build the exoskeleton, followed by sizing an aluminum plate on which all 
components will be mounted. A maximum envelope in which the test stand can occupy will be 
found in the design section. 
 
2.1.6 Mechanical Overview 
Choosing an actuator is the largest step in the design development process, everything depends on 
that choice. With the Bug, we are able to design everything else around the three of them. Linear 
rails and guide blocks will be the foundation of the coupling and a rigid bar will be custom designed 
to incorporate the magnets and load cell. SolidWorks will prove to be a quick and easy way to design 
this rigid bar – which we will then buy a block of aluminum and machine to specifications.   
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2.2 – Electrical Development 
Electrical design development is primarily composed of identifying off the shelf components to 
meet our electrical needs. The only true design work is the distribution of power throughout the test 
stand and connecting everything together with the proper electrical connectors. 
 
Power Supply 
Every active component within the test stand will require electrical power. Onboard the aircraft, 
28VDC and 115VAC sources with maximum currents 400A and 15A respectively will be available to 
the actuator test stand from a power distribution box like the one seen below in Figure 2.15. Wires 
will be run from this distribution box to access plugs on our test stand. The actuators will be 
powered with the 28VDC source and the rest of the equipment will use the 115VAC signal. A 
standard ATX power supply as seen in Figure 2.16 will take the AC signal and convert it into useable 
voltages (5V & 12V DC) for the motherboard, switch, and sensors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:15: Power Distribution Box on Blackhawk Helicopter. 
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The advanced electronic design will incorporate connecting power hookups like the ones seen 
coming out the back of the ATX power supply to the switch, sensors, and data acquisition. The 
power supply will be mounted to the base plate.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Central Processor 
The requirements of the test stand require the placement of a PC within. The floor of every PC is a 
motherboard; we will be using a standard ATX motherboard as seen below in Figure 2.17 with a 
typical consumer level processor and memory. The central processor will interface with the motor 
controllers and data acquisition module. The test system at the PCoE runs LabView, so our PC will 
run Windows XP and a student version of LabView for interfacing purposes. The central processor 
will be able to accept pre-programmed profiles and real-time input directly from the aircraft. Given 
this information the command the motor drivers and output the desired position and velocity 
information. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:16: Standard ATX Power Supply.
Figure 2:17: Standard ATX Motherboard.
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Motor Controllers 
Each actuator has a 24VDC permanent brush motor that needs to be controlled by an individual 
motor controller/driver like the one seen below in Figure 2.18. The motor controllers will use 
position feedback from the rotary and/or linear encoders on each actuator and command the motor 
via analog or digital signals. Desired position and velocity input will come from the central processor 
from uploaded position/velocity plots. Motor drivers will be purchased online, most likely from a 
robot website – they are well understood and some have built in feedback loops which would be 
helpful. 
 
 
 
 
 
 
 
 
 
 
 
Data Acquisition 
The data acquisition module will interface the sensors and motor drivers with the central processor. 
The data acquisition module will support the required analog and digital inputs to accommodate all 
required sensors. Desired sensors include encoders, potentiometers, a load cell, 4 accelerometers, 
and 4 thermocouples. The DAQ will also measure the motor voltage and current. The DAQ will 
interface with the central processor using a PCI, USB, or RS232 interface. The National Instruments 
DAQ below in Figure 2.19 has USB capability. We will purchase NI DAQ’s for their ease of use 
with LabView. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:18: Generic Double Motor Driver 2.5A.
Figure 2:19: National Instruments USB 6009 
Data Acquisition System. 
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Sensors 
Seven entities of the test stand are to be recorded – voltage, current, position, velocity, force, 
vibration, and temperature. Sensors exist that capture all of these. Once we have identified the 
requirements of the sensors we will find a supplier. Our motor driver boards will be able to sample 
voltage and current while thermocouples measure the temperature of the motor interface and ball 
nut. A load cell will measure the force imparted onto the rigid bar to the load actuators. 
Accelerometers will measure the vibrations of the motor housing and ball nut while a potentiometer 
will measure the linear position of the actuators and optical encoders installed on both test actuators 
will measure velocity and position with higher resolution. For visual examples of what each sensor 
looks like see below in Figure 2.20. 
 
 
 
 
 
 
 
 
 
 
Figure 2:20: Sensors contained within the test stand – thermocouple top left, load cell top middle, 
accelerometer top right, potentiometer bottom left, optical encoder bottom right. 
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Storage 
Given the environmental conditions of the aircraft a Solid State Disk will be used for data storage. 
The SSD will be connected to the central processor and host the operating system. This disk can be 
purchased online and will come in a standard hard drive form factor of 2.5”. Also, the interface with 
the motherboard will most likely be SATA. 
 
Data Access 
Users will interact with the system using standard external PC peripherals: keyboard, mouse, and 
monitor. These units will probably be placed on a cart and wheeled next to the test stand and plug 
into open USB and serial ports on the stand. Mounting the motherboard in an easy access place will 
be pursued. 
  
2.2.1 – Overview 
Actually connecting the electrical components will be secondary to designing the control system in 
LabView and verifying the signals received are legitimate and can be used properly within our 
control system.  
 
2.3 – Design Development Summary 
The framework of the test stand has been achieved. Mounts to enable all the components to stay 
within the stand envelope will be built on a custom basis. All mechanical parts have been specified 
in principle. Sensor and electronic spacing has been specified and will be realized on a custom basis 
as the stand is assembled based on where specific signals need to be read from. 
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Chapter 3 Final Design  
 
The following chapter will describe in detail all components and their relationships to each other 
within the test stand. Detailed drawings, data sheets, and cost are present in the appendix.  
3.1 – System Layout 
SolidWorks software was used to model our components and build assemblies to give a visual 
representation of what the test stand will look like. Figure 3.1 below is our naked master assembly 
(sheet metal will enclose the stand and protect it from outside effects). The four callouts refer to 
assemblies within the main and are described as follows: 
 
1. Chassis Assembly – all support structures 
2. Power Assembly – all power inputs and distribution within  
3. Central Processor Assembly – includes PC, data acquisition, motor drivers 
4. Actuator Coupling Assembly – the mechanical parts of the stand 
 
Figure 3:1: Test Stand Master Assembly 
Figures 3.2-3.4 are the block diagrams for the control system. 
1 
3 
2
4 
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Figure 3:2: Overall System Block Diagram.
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Figure 3:3: Healthy Actuator Control Flow.
      Stand by M.E. 
 
41 
 
 
 
USB 
 
PC 
 
DAQ 1 
Load Actuator
Load Cell
 
Motor Driver 
Linear Potentiometer 
USB 
Analog
Analog
Aircraft 1553 
Forward Path 
Feedback 
Rigid Bar 
Figure 3:4: Load Actuator Control Flow. 
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Figure 3:5: Faulted Actuator Control Flow.
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Figure 3:7: Bug Actuator Speed/Force Graph, Indicating 24VDC and Corresponding Current. 
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3.2.2 – Actuator Coupling Assembly 
Connecting the load actuator with the test actuators in a precise manner is the main prerogative for 
the coupling.  As seen in Figure 3:8 below, the coupling system is comprised of the following 
components:   
1. Rigid Bar 
2. Linear Rails 
3. Guide Blocks 
4. Electromagnetic Coupling  
5. Actuators 
 
 
Figure 3:8: Actuator Coupling Assembly 
 
Rigid Bar 
The metal component connecting the load actuator to the test actuator has been dubbed the “rigid 
bar”.  While it is not technically rigid, it has been designed to minimize deflection and size while 
maximizing the capabilities of the guide blocks and linear rails.   
The first step in creating the rigid bar was to fill the allowable space in such a way that all 
components would mate together.  This design represents the minimum volume possible for 
connecting all the necessary components.  The deflection calculations for this design, found in 
Figure 3.7, gives us a maximum deflection at the end of the rigid bar of 0.16 μm when the rigid bar 
is under a maximum expected loading of 222.4 N.  This deflection, over 100 times smaller than the 
width of a human hair, is well within the acceptable value and provides future flexibility of testing 
actuators with higher load capabilities.  
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Linear Rails 
The linear rails were selected based on length and corrosion requirements.  The rails must be able to 
handle the maximum stroke of the actuators currently on the stand and must not prevent the use of 
future actuators with longer stroke.  The rails chosen have an available length of 11 cm (1 cm longer 
than actuator stroke).  The path of the linear rails was left clear in the case that longer rails are 
desired in the future.  The rails are made of stainless steel to resist the corrosion in the potentially 
moist environment of in-flight testing. 
 
Guide Blocks 
The guide blocks were chosen based on moment, precision and size requirements.  We need the 
guide block to sustain a moment of 20 N-m under maximum load.  The guide block chosen can 
handle 80 N-m of loading with a greater safety factor from using two blocks connected via the rigid 
bar.  The highest possible precision blocks, which fit our size requirements, were selected from 
THK. See appendix 6 for sizing calculations. 
 
Electromagnetic Coupling 
The magnets were selected from what was available from McMaster Carr based on cost and load 
capabilities and the coupling disk was designed based on the magnet chosen.  The maximum load 
capacity of the magnets specified is 180 lb.  This gives both a substantial safety factor for the current 
actuators being tested and flexibility in using future actuators with higher load capacity without 
replacing the magnets to handle higher loads.   
The coupling disks were designed to contain enough of the magnetic field to maintain the actuator 
connection under maximum load.  The strength of the magnetic connection is a function of the 
material properties, surface finish, area and thickness.  The surface finish, area and material 
properties were maximized by using a polished surface of mild steel, which covered the entire area 
of the magnet.  The thickness was chosen as the maximum allowable distance that we could put 
between the actuator and the magnets.   
Future development of these disks would modify them to have a center seeking design that would 
force the actuator and the magnet to be concentric when connected; due to time constraints this 
goal was not realized. 
 
 
Figure 3:9: Coupling Picture Before Installation. 
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3.2.4 – Chassis  
The chassis’s purpose is to provide the structural support for all the components of the test stand, 
most notably the actuator and coupling setup. First step is determining the maximum envelope the 
test stand can fill – three dimensions (height, width, depth) are needed. With information about 
these dimensions available in the helicopter rack as seen below in Figure 3:12. We were able to 
determine a maximum envelope of 430 mm W x 311 mm H x 430 mm D.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The frame comes from T-Slot aluminum extrusion that was donated by Ames and a center base 
plate that will be purchased from TCI Aluminum in Hayward CA. The outside of the stand is 
encased in sheet metal 1/16” thick. Four legs hold the base plate and run the entire height. 
Accounting for tolerance issues, sheet metal thickness (0.0625”), and extrusion cross sections, the 
extrusion lengths to be cut are 349 mm x 308 mm x 349 mm.  The chassis is held together with ¼ 
in. thick 1.5” x 1.5” aluminum elbows at each corner. A four foot extruded length purchased from 
McMaster provided the raw material. See appendix 6 for plate thickness analysis in ABAQUS. 
 
 
Figure 3:12: Mounting Rack in Blackhawk Helicopter. 
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3.2.5 – Power Supply 
The power supply will be taken from the computer and is a standard ATX power supply as seen 
below in Figure 3:13. The various connections will power the motherboard, solid state disk, motor 
driver board, magnet switches, and the accelerometer & thermocouples signal conditioners. Table 
3:1 shows the power required for all the electronic devices on board the test stand.  
 
Figure 3:13: Standard ATX Power Supply Connections. 
 
 
 
Table 3:1 Power Distribution. 
Component Power Required 
Motherboard Main Power Connector 
SSD PS 4 Pin  
Proto Board 12V, Gnd 
Motor Drivers 24V, Gnd 
Thermocouple Boards +12V, -12V, Gnd 
Accelerometer Boards +12V, Gnd 
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The ATX power supply has several different output voltages as shown below in Table 3:2. This table 
will be used as a reference when splicing or connecting power wires to the ATX power supply. 
 
Table 3:2 ATX Pinout Voltages 
24-pin ATX12V 2.x power supply connector 
(20-pin omits the last 4: 11, 12, 23 and 24) 
Color Signal Pin Pin Signal Color 
Orange +3.3 V 1 13
+3.3 V Orange 
+3.3 V sense Brown 
Orange +3.3 V 2 14 −12 V Blue 
Black Ground 3 15 Ground Black 
Red +5 V 4 16 Power on Green 
Black Ground 5 17 Ground Black 
Red +5 V 6 18 Ground Black 
Black Ground 7 19 Ground Black 
Grey Power good 8 20 −5 V (optional) White 
Purple +5 V standby 9 21 +5 V Red 
Yellow +12 V 10 22 +5 V Red 
Yellow +12 V 11 23 +5 V Red 
Orange +3.3 V 12 24 Ground Black 
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3.2.6 – Central Processor 
Everything in our test stand is signaled through logic which will be the job of our central processor. 
For cost purposes it was logical to purchase a used workstation with the minimum operating system 
needed to run LabView (Windows XP Pro). This item was found and is shown below in Figure 3:14. 
The entire case itself is too large to fit into the envelope of our test stand so some modification will 
be done to ensure everything we need (motherboard, power supply, hard drive, PCI cards) will be 
able to mount inside the stand. 
Figure 3:14: HP Refurbished PC.
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 3.2.7 – Controllers  
The Polulu motor driver has been chosen to power and control the two test actuators, data sheets 
are contained within appendix 8. The microcontroller/motor drivers talk to the PC and LabView 
through a USB connection. 
 
 
 
 
Figure 3:15 Test Actuator Motor Drivers and Schematic. 
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3.2.8 – Data Acquisition 
The data acquisition system is comprised of the National Instruments PCI 6259 card and the 
Engineering Design Team’s PCI 53B card. These devices provide the interface between the sensors, 
magnet switches, and aircraft.  
 
National Instruments 
This device’s purpose is to sample and accurately record the accelerometer, thermocouple, and load 
cell signals. It also provides the digital output for switching the magnets on and off. LabView is the 
user interface that sets the sampling rates for each channel and outputs to a waveform chart. The 
card itself can be seen below in Figure 3:16 and its data sheet can be accessed in appendix 8. 
 
 
 
 
 
Figure 3:16: NI PCI 6259 Multifunction Data Acquisition Card. 
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This PCI card has the ability to accept 2 connector blocks, but for now we will be using only one. 
The pin outs for the SCB 68 block are shown below in Figure 3:17 and the corresponding inputs for 
each in Table 3:3. 
 
Figure 3:17: DAQ PIN Schematic. 
Table 3:3 Sensor to DAQ Pins. 
Pin Input Pin Input Pin Input Pin Input 
68 Load Cell, Green 33 Therm. 30 EMA 1 Z BN 25 EMA 1 X M 
34 LC, White 66 Therm. 63 EMA 1 Y BN 58 EMA 1 Y M 
55 LC, Black 65 Therm. 28 EMA 1 X BN 57 EMA 2 X M 
22 LC, Red 31 Therm. 61 EMA 2 Z BN 23 EMA 2 Y M 
17 DO Magnet 1 32 AI GND 60 EMA 2 Y BN 67 AI GND 
49 DO Magnet 2  26 EMA 2 X BN 29 AI GND 
50 D GND  24 AI GND 
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Engineering Design Team 
 
This device’s purpose is to interface the test stand with the aircraft it’s installed in through a 1553 
connection. Due to time constraints, no testing was done with this card. However, the PCI card 
itself and the drivers that go with it are all installed on the computer. The next step is to learn how 
to code 1553 lines within LabView through this card that can be seen below in Figure 3:18.  
 
 
.  
Figure 3:18: EDT 53B PCI Card. 
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3.2.9 – Sensors 
The sensors are critical for the application and verification of the test stand. The five sensors in 
Table 3:4 below are carefully chosen to give us the optimal signal acquisition into the DAQ card. 
 
Table 3:4: Sensor Input and Output Details 
Sensor Qty Input 
Type 
Input 
Range 
Sensitivity Output 
Type 
Output 
Range 
Load Cell 1 Force 1 to 
100lbs 
±1lbs Voltage 3mV 
Accelerometer 4 Vibration -70 to 
70G 
10mV/g Voltage -700 to 
700mV 
Thermocouple 4 Temp -60 to 
175°C 
±2°C Voltage -10 to 
80mV 
Rotary Encoder 2 Position 0 to 360° ±1°C Digital  
Linear 
Potentiometer 
1 Position 0 to 4 in ±1/16 in Resistance  
 
Load Cell 
The force imposed by the load actuator is the signal of interest and the purpose of the load cell. One 
way to achieve the force is to use a Wheatstone bridge like the one shown below in Figure 3:19. A 
Wheatstone bridge works by measuring the voltage difference across the bridge (VO) between the 
excitation voltage (VEX) when the resistance changes under load. In other words, we are able to 
calibrate the voltage change versus a given load. The excitation voltage for this particular bridge is 10 
mVdc and the calibration is provided by the manufacturer and replicated in Figure 3:20 on the 
following page. 
 
 
Figure 3:19: Schematic of Wheatstone Bridge. 
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Figure 3:20: Load Cell Calibration Graph. 
 
LabView converts the lbf to N to keep the SI unit system the test stand standard. The load cell’s 
aluminum housing is shown below in Figure 3:21. Care must be taken to not overload the cell and 
the aluminum threads inside the housing. 
 
 
 
 
 
Figure 3:21: Omega's Tension/Compression Load Cell, 75 lbf Capacity. 
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Thermocouples 
Temperatures inside the motor housing and ball nut are to be sensed and recorded. The simplest 
method is to use a thermocouple because it can be installed in small and hard to reach places – 
exactly what the inner motor housing and ball nut are. The thermocouple we chose is a K type for 
its large temperature range. In hindsight, a smaller range is more practical. Our thermocouple 
employs the INA118 instrumentation op amp to cleanly amplify the voltage potential difference 
across the two leads. It is standard practice to use a differential analog input (AI) channel in the 
DAQ to capture a thermocouple signal; however we need all the AI channels possible to allow for 
additional accelerometer axes. This chip opens up analog input channels by amplifying the signal 
before the DAQ and using a referenced single ended (RSE) AI. Below in Figure 3:24 the wiring for 
the sensor and chip – RG is the resistor that sets the gain and the ground out of the chip means that 
the VO is referenced to ground. 
 
Figure 3:24: Thermocouple Schematic Incorporating INA118 Chip. 
Figure 3:25 shows the 3 op amps inside the IC with the numbered pin outs. The gain equation is 
also shown. Figure 3:26 shows the top view of the chip with corresponding input and outputs. 
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Figure 3:25: Inner Wiring Diagram for INA118 Chip. 
 
 
Figure 3:26: INA118 Chip Pinout. 
Rotary Encoder 
A rotary encoder is attached to the motor housing of each of the test actuators. The encoder’s digital 
signal inputs to the proto board and is recorded by the microcontroller who outputs the rotary 
position to LabView for control purposes.  Full specification sheets for the optical encoders are 
found with the actuator sheets in appendix 8. 
 
Linear Potentiometer 
While not needed in the stand, the linear potentiometer could be used as a redundant position 
sensor. As of now the load actuator is controlled by the load cell alone.  It will be useful to connect 
the linear potentiometer to the DAQ to record the position of the load actuator as a means of 
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creating data to compare to the optical encoder data for the test actuator.  This data could also be 
used to observe changes in the stands health.  In the future precise knowledge of the load actuator 
position could lead to new types of tests involving the load actuator position. 
Storage 
Given the environmental conditions of the aircraft a Solid State Disk will be used to host the 
operating system, software, and data storage. The SSD will be connected to the central processor via 
a Serial Advanced Technology Attachment (SATA). Figure 3:27 below is a visual example of the 
disk we have chosen from NewEgg.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The SSD possess the following specifications: 
• Form Factor – 2.5” 
• Capacity – 32GB 
• Interface Type – SATA  
• Max Shock Resistance – 1500G 
• Max Vibration Resistance – 3G 
• Max Sequential Access Read – 26MB/s 
• Max Sequential Access Write – 14MB/s 
• Mean Time Before Failures (MTBF) – 1,200,000 hrs. 
 
The hard drive installed on the bundled PC purchased will be replaced with this solid state hard 
drive. 
 
 
Figure 3:27: Solid State Storage Disk for Data Storage in the Test Stand. 
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User Interface 
Users will supply their own monitor, keyboard, and mouse. Users will control the test stand through 
LabView. 
 
Connection 
Connections include internal and external wiring. Internal being wiring that connects the stands 
components together without leaving the stand and external wiring being that which connects the 
stand to the user or the aircraft.  Internal wiring in the stand includes: coaxial cables for the load cell 
and accelerometers, general paired wires for the thermocouples and encoders, power wires for all the 
stands components, signal wires connecting the stand to the DAQ and signal wires connecting the 
control systems together. External wiring includes the various cords needed to plug in the mouse, 
keyboard, screen, data cables, power for the computer, and power for the components (28VDC). 
Miscellaneous high power wiring will be required for the motors and electromagnetic coupling 
switches. 
 
 
  Stand by MEE 
 
63 
 
Chapter 4 Manufacturing   
4.1 Manufacturing Plan Description 
The manufacturing of the test stand was completed on a subsystem-by-subsystem basis as parts 
arrived.  The components that needed to be manufactured in-house were ordered as soon as raw 
material specifications were known in order to avoid bottlenecks in assembly.  Below is a brief 
description of how each subsystem was manufactured.   For a more detailed manufacturing plan for 
a given subsystem see Appendix 10. 
4.2 Actuator Subsystem 
Three actuators are being ordered from Ultra Motion based in New York with the following part 
number: 3-B.125-DC92_24E5-4-B/ST4. See appendix 8 for actuator specifications.  The actuator 
assembly contains two parts being built in-house (M057).  See Appendix 10 for a detailed 
manufacturing plan for M057. Actuator assembly includes the following 
1. Drilling holes in the base plate in the precise locations 
2. Mounting the tube-mount bases for the actuators 
3. Installing the actuators in the tube-mounts, ensuring allignment is correct 
4. Installing the Male Switch (M057) and alligning this subsytem to the coupling subsystem 
 
 
 
Figure 4:1 Sizing the Actuator Coupling Subsystem. 
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Base support under the motor housing must be welded on using TIG gun and aluminum filler. 
Below in Figure 4:2 shows the actuator motor housing and support in a vise before the weld. Careful 
attention should be paid to the angle of the gun so as not to get one piece of metal hotter than the 
other. 
 
Figure 4:2 Before TIG Welding Motor Housing Support. 
After welding, some excess material must be removed to allow for a bolt to secure the support to 
the base plate. Below in Figure 4:3 shows a pneumatic grinding tool removing aluminum. 
 
Figure 4:3 Grinding Excess Weld Off Motor Support Bracket. 
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Below in Figure 4:4 are the three finished motor housing supports. Now the actuator can be securely 
fastened to the base plate. The fasteners attached to these particular supports take the axial load of 
the actuator away from the tube mount. 
 
 
Figure 4:4 Finished Motor Housing Support. 
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4.3 Coupling Subsystem 
The coupling subsystem has only one component that was manufacured in house (M055).  See 
appendix 10 for a detailed manufacturing plan for M055.  Coupling assembly includes the following: 
1. Drilling holes in the base plate to mount the rails 
2. Mounting and tuning the blocks to the rails 
3. Mounting the rigid bar to the blocks 
4. Installing the magnets on the rigid bar 
5. Installing the load cell on the rigid bar 
6. Coupling the load actuator to the rigid bar via the load cell 
 
Machining of the rigid bar was completed at the machine shop at SAES Pure Gas Inc.  We enlisted 
the assistance of a master machinest in order to ensure precise tolerances were met.  The rigid bar 
alligns the actuators and linear rails, so precision was of the upmost importance.  Figure 4:5 below 
shows the rigid bar during the machining process. 
 
 
Figure 4:5 Coupling on the Mill. 
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4.4 Chassis Subsystem 
In order to avoid installing the above components in the stand when it is complete, all of the above 
subsystems were installed before assembling the chassis.  Once installed, the chassis was built up 
around the assembled plate.  The chassis bars were cut in-house (see pictures below).  The chassis 
assembly includes: 
1. Mounting vertical rails to the base plate 
2. Mounting horizontal bars  
3. Mounting the drawer face 
 
The construction of the chassis was our first job in the machine shop. Careful attention paid to the 
dimensions will ensured that our stand will fit inside the helicopter racks.  
First, the aluminum extrusion needs to be cut into its respective lengths of  349 mm and 308 mm. A 
horizontal band saw was used for all cuts and a deburring tool will remove the sharp edges the saw 
blade creates. Below in Figure 4:6 is the horizontal band saw in the ME Hangar Shop on campus 
with a extrusion lenth ready to be cut. 
 
Figure 4:6 Horizontal Band Saw in ME Hangar Shop. 
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To make sure the blade cuts in the exact place we need, the blade was lowered to meet the pencil 
mark on the extrusion as seen below in Figure 4:7 Since the mark is 1 mm longer than specified and 
the blade will remove approimately 2 mm of material, we found this method was ideal to cutting 
perfect lengths. Once every length is cut, the debur tool was used to clean the extrusion cuts as seen 
in Figure 4:8, also below. 
 
 
Figure 4:7 Lowering the Blade to Meet the Length Mark and Verifying Cut Placement. 
 
 
 
Figure 4:8 Deburring the Finished Extrusion Lengths. 
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A picture of the finished extrusion lengths is shown below in Figure 4:9. Precise cuts using the 
horizontal band saw was critical to make sure the test stand fit togtether snugly. 
 
 
Figure 4:9 Finished Product Stacked. 
ABS plastic was used for the outer shells. A heat gun was used to make the two 90° bends to 
complete the top and sides as shown below in Figure 4:10. 
 
 
Figure 4:10 ABS Plastic Outer Shell. 
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The front plate is a very important part of the test stand chassis; it connects the test stand to the 
racks within the aircraft and provides handles for mobility. We took the liberty of placing a marker 
on the front indicating the fundamentals of the test stand – who thought of it and who built it as 
seen below in Figure 4:11. 
 
 
Figure 4:11 Front Plate Label. 
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4.5 Electrical Subsystems 
While all the electrical subsystems are broken up into other subsystems they will be described here 
as a whole. The various electrical subsystems for the stand were all be individually tested before 
installation into the stand.  This was done to ensure the components are working before installation 
in order to avoid taking them out once they were installed.  Installation and securing of each 
component into the stand was done on an as-needed basis.  The majority of the electronic 
components were mounted directly to the base plate using tapped holes.  When necessary, 
components were mounted to the t-slots using custom brackets.  These components include: 
1. Installing the PC (including required holes drilled) 
2. Installing the DAQ ( “ “ ) 
3. Installing the motor controllers and associated components ( “ “ ) 
4. Installing the signal conditioners for the accelerometers and thermocouples 
5. Installing the power supply 
6. Installing the SDD drive 
 
The Bonderson Student Project Center provided an excellend resource to build and test our stand. 
Below in Figure 4:12 is our test stand on its side with the motherboard being mounted. This is very 
early in the testing phase as there is no inputs to the connector block resting nearby. 
 
 
 
Figure 4:12 Computer Testing. 
Motor Driver Interfacing 
The general purpose mechatronics board provided by Cal Poly will be programmed to interface with 
the onboard VNH3SP30 motor driver and the two external VNH3SP30 motor drivers. Given serial 
commands from the PC across the USB port the board will be programmed to set the duty cycle of 
each motor. Tabletop laboratory power supplies provided the power to the motor drivers.  
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Encoder Interfacing/Programming 
The quadrature encoder counter microchip was interfaced with the mechatronics board and other 
motor driver boards as seen below in Figure 4:13. Custom drivers were written for the ATMega128 
microcontroller and encoder chip specifically designed for the Cal Poly mechatronics board, this 
C++ code can be seen in appendix 12. A high frequency local oscillating circuit (located middle left 
on in the picture) was constructed to set the sampling speed of the encoder counter. The 
microcontroller is programmed to relay the encoder information across the USB cable to the main 
PC.  
 
 
Figure 4:13 Proto Board, Oscillator, HCTL 2032, Double Motor Drivers. 
Linear Potentiometer 
The linear potentiometer when used is fed into the Cal Poly mechatronics board analog to digital 
inputs. Again, custom software has been written to communicate the position of the load actuator 
across the USB.  
 
Electromagnetic Coupling 
The electromagnetic couplers is connected to the Cal Poly mechatronics board using power 
transistors (not shown in the figure). The +12V source from the ATX power supply is connected to 
power the power transistors. LabView block diagrams allow the digital control of the electric 
magnet.  
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LabView Interfacing 
 
Custom LabView modules were written for both input and output, the details can be seen in 
appendix 13. Some basics: 
1. A custom module reads and translates the information sent from the microcontroller across 
the USB to useful position and velocity information.  
2. Custom module sends information across the USB will to allow the duty cycle of the motor 
to be set from within LabView.  
3. Custom module reads load cell and converts to force to be used in force feedback system. 
4. Custom module reads accelerometer and thermocouple signals and converts them into 
useable data – g’s and temperature. 
 
Ideally, a LabView module will allow direct real-time input from a 1553 bus reporting airspeed or a 
prewritten profile script. The 1553 bus has not been developed and will be at a later time. 
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Thermocouples 
Four Type K thermocouples and four INA118 chips were installed on one board with power inputs 
of -12V and +12V along with inputs for each thermocouple and outputs for the amplified signal. 
The board can be seen below in Figure 4:14. 
 
 
Figure 4:14 Thermocouple Board, Four INA 118 Chips. 
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Accelerometers 
The accelerometer boards can handle one accelerometer each – 3 axes. The input is a BNC 
connection and the output is a screw terminal. All axes of the accelerometer share the same ground 
which goes to a AI ground in the DAQ connector block. Austin and Catlin are shown below in 
Figure 4:15 building their boards and the Below in Figure 4:16 shows a close up of one of these 
boards. The large black rectangles are the LM317 IC’s that allow us to run a constant current source 
for the accelerometers.  
 
Figure 4:15 Austin and Catlin Building Accelerometer Boards. 
 
Figure 4:16 Accelerometer Signal Conditioning Board. 
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We were only able to finish building three of the boards; all axes capture data accurately and are 
shown below in Figure 4:17. The boards are mounted on the back of the aluminum bracket that 
holds the connector block in position. Also below in Figure 4:18 is Mike applying adhesive to the 
accelerometer bracket. These have proven to be a 30 hr time sink, our first try, JB weld did not 
work. The AE-10 adhesive did not work, we think the screw is bottoming out and pushing the 
bracket away from the ball nut. Our next step is to drill a small hole for screw relief room and use 
the AE-10 again. 
 
 
Figure 4:17 Accelerometer Boards Installed. 
 
Figure 4:18 Mike Applying AE-10 Epoxy to Accelerometer Bracket. 
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Chapter 5 Design Verification 
Many different tests need to be run and with what time we have, not all of them will be completed. 
We have compiled a list of preliminary tests below. 
5.1 – Test Plan with Descriptions 
Below are the testing procedures to test the stand against the design requirements.  They are in order 
of planned completion based on the level of the requirement. 
 
Test Plan 
Several aspects of the design need to be tested in order to determine if the test stand meets the 
design requirements.  The following sections describe how each subsystem will be tested to 
determine if requirements pertaining to that subsystem have been adequately met. 
 
Chassis* 
The test stand will need to operate properly in a high g environment.  The mounting system -- that 
which secures the base plate to the frame -- will need to be able to withstand in a 3 g loading 
condition and under vibration.  In order to test this, the stand will need to be loaded to simulate the 
stand weighing 3 times as much as in a 1 g environment.  This condition will need to be simulated in 
both right side up and upside down configurations.  
Also, while loaded, a shake table will need to be used to simulate the vibration the stand will see in 
flight.  This should be done while the stand is completely assembled to ensure that all components 
will survive actual in-flight conditions.  The stand will be tested to meet the MIL-STD-810 standards 
for helicopter environments.  
*Due to time constraints this test was not completed.  A similar test should be completed at NASA Ames before the 
stand in flown. 
 
Coupling  
The coupling of the actuators was tested by running the system with either magnet coupled for a 
long enough duration of time to conclude stability.  This entailed running the stand in several types 
of modes, including: sinusoidal position profile, constant position and intermittent position changes.  
These tests were completed under constant and varying load conditions.  We determined that our 
tests were a success by inspecting the slack produced at high loads which ensured us that the 
actuators were maintaining alignment throughout the tests.  Due to the limited time we had the 
stand working properly these tests should be run through again once the stand is fully operational. 
 
Switch 
The magnetic switches were tested to ensure that the magnets are able to carry the maximum load of 
the load actuator and able to carry out the switching required for in-flight use.  This was completed 
visually and using the load cell to measure the force on the magnet.  We were not able to get the 
magnet to disconnect at the full load capacity of the actuator.  A future test that should be 
performed is one in which the maximum force for disconnection is determined.  
 
Fault Induction 
In order to test a failing actuator, one actuator is going to be neutralized with the other actuator 
picking up the work of the neutralized actuator.  This will be tested by neutralizing and initiating one 
of the test actuators while performing the same operational tests described above in the Coupling 
section.  Fault injection is to be tested at Ames. 
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Control 
The controls subsystem was tested throughout the stand assembly.  As components were built we 
tested them off of the stand before installing them.  Once installed, we tested them to make sure 
they were communicating and operating properly.  This testing process also involved testing the 
LabView modules to ensure they were controlling the stand in the expected manner.  The control 
systems were able to operate the stand but could use further fine tuning to improve system 
response.  
5.2 – Final Design Results 
The design requirements table is replicated below with a column for pass/fail/inconclusive (P/F/I).  
 
Table 5:1 Final Test Results. 
Spec 
# Parameter Description 
Requirement or 
Target Tolerance P/F/I Comments 
1 Operating Pressure Range Sea level 16000 ft I Have not tested [1] 
2 Operating Env. Temp Range <0 -10 – 100C I 
Have not tested [1] 
3 G Loads 3g max I Have not tested 
4 Vibration Range 1 MIL – 514.5 - I Have not tested 
5 Air Moisture1 MIL – 507.4  - I Have not tested 
6 Installation into various aircraft 2 Y n/a P Have not tested 
7 Max Weight 30 0 P The stand weighs < 30kg 
8 Max Length 50 0 P All dimension requirements 
9 Max Width 30 0 P were maintained. 
10 Max Thickness 30 0 P  
11 Power Input 28, 115 - P Power from aircraft still needs to be installed. 
12 Input load information 3 1553 Bus - I  
13 EMA execute position profiles Y n/a P  
14 EMA Temp Range Same as Env. n/a P EMAs spec’d for temp 
15 EMA Stroke 4 max P  
16 EMA Max Force 50  max P  
17 EMA Vibration Range MIL-STD n/a I Have not tested 
18 Record output response of EMA Y n/a P  
19 DAQ input type 4 varies unknown P  
20 Controller meets command position Y n/a P  
21 Min. Storage Capacity 16 min P  
22 Upload position profiles  Y n/a P  
23 Download recorded information Y n/a I Have not tested  
24 Faults to be triggered 5 Y n/a I  
25 Fault switch type 6 Autonomous n/a I Currently manual 
26 Easy Install/Remove Y n/a P  
27 Kill Switch Y n/a P Computer hard reboot 
28 Cost (Spent) 5000 max F Total Spent : $6000 
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Chapter 6 Cost Analysis 
 
Before, during, and after our project we updated our cost report which can be viewed in its entirety 
in the Bill of Materials found in Appendix 8.  While the cost of the stand did exceed our budget, 
communication of this was thorough throughout the design phase.  Given the technology involved 
and the amount of components that were donated, we were pleased with how closely to the planned 
budget we were able to stay. 
 
6.1 – Actuators 
The actuators are the most expensive portion of our budget.  The total cost of the actuators was just 
over $4000.  We originally wanted to keep the cost of the actuators to 50% of the total budget.  It 
was seen early on that this goal would be very difficult to achieve.  This cost could be attenuated in a 
future stand if only two actuators were used.  A future stand could eliminate the healthy actuator 
once sufficient data on healthy actuators has been gathered. 
 
 
6.2 – Chassis  
Costs for the chassis were alleviated by the donation of Tslot extrusions from Ames.  The only 
purchased component of the chassis was the base plate at less than $100.  Machining assistance was 
donated.  The chassis was produced for as low a cost as we could expect to achieve.  
 
 
6.3 – Coupling  
The total cost of the coupling approached $300.  This was alleviated by donated machining 
assistance and the choice of the cheapest switching scheme.  This cost could possibly be lowered if 
only two actuators were incorporated in a future stand by dividing the coupling hardware in half and 
eliminating the need to switch between healthy and faulted actuators. 
 
6.4 ‐ Electronics 
The most expensive components of the test stand were donated – the 1553 PCI card and 4 
accelerometers. This donated equipment costs $9200 new. If future stands are to be built, the bulk 
of the budget should be towards high end electronics. 
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Chapter 7 Recommendations and Conclusions 
 
With the completion of the actuator test stand for NASA PCoE, legitimate in flight test data will be 
obtained. This data will hopefully allow the scientists to build an archive detailing electro mechanical 
actuator faults and their root causes. Implementing this information into algorithms will be crucial to 
diagnosing problems associated with EMA’s and predicting their remaining useful life. 
7.1 – Recommendations 
The learning curve with the high tech components on the test stand was the greatest obstacle to 
overcome. We recommend that literature be made available to new comers to read and become 
more familiar with the components of the test stand. Some others are below. 
 
Chassis Assembly  
A steel plate would probably be a good idea for the base plate, the screws are stressed often, 
however weight constraints quickly become a problem. 
 
Power Assembly  
Using motor drivers and motors that are designed to use 28Vdc inputs. The proto board we are 
using overheats when that high of a voltage is used. 
 
Central Processor Assembly 
The refurbished PC works great, however a newer one, more memory, and larger hard drive would 
be an upgrade. Also, the PC has not been tested in a high vibration environment. In the future, 
more dampers and general isolation from the aircraft turbulence would be a good idea. 
 
Actuator Coupling Assembly  
The coupling mechanism is perfect in theory; however actually achieving a precise alignment with 
the actuators is very difficult. More rigid coupling and actuators are recommended for the future to 
take away any problems that would arise with bad alignment.  
 
Electronics 
We learned LabView from scratch and the motor driver code was all custom. We were only able to 
do this because the motors were DC brush. We know that the actuators in practice use DC 
brushless. We do not know what the effect of the motor will have to the data to be captured 
regarding faults. We would advise using DC brushless motors in the future.  
Connector input/outputs – currently the wires for the monitor are still deep inside the test stand and 
hard to access, adding a monitor input on the front panel would be helpful. 
 
General  
One interesting choice we made in completing this stand has been the amalgamation of highly 
precise, state-of-the-art components with simple cheap electronics. The accelerometer signal 
conditioners cost $15. The conditioner recommended by the manufactured was $2100. That is a 
14,000% increase. We have not tested if our boards are accurate to high g loads but the in-lab testing  
signal looks legitimate. This method saves a lot of money.  
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7.2 – Conclusions 
Several areas of the stand still need some work before it is fully functional.  In this section we will 
address each of these to enable NASA Ames to operate the stand as planned. Given the fact that we 
really didn’t figure out what we were doing until 4 months ago, we have come a very long way. The 
technology behind this test stand is advanced for an undergraduate student, yet we pulled most of it 
off. The only requirement not met is the aircraft testing which cannot be done at Cal Poly and 
requires an experienced engineer to oversee the work. With a few months of testing and fine tuning, 
we are confident that this test stand can be used in practice and acquire legitimate data for health 
systems management analysis. 
 
Chassis Assembly  
The chassis is entirely complete with the exception of necessary modifications to realize work that is 
detailed in the other subassemblies or to fix issues found during testing.  One such issue that may 
arrise is the motor controller mounting.  As of now, the motor controller board is secured but the 
proto board is held only by its breakout pins.  It may be relized after testing that this needs a more 
rigid attachment to be added directly to the base plate. 
 
Power Assembly  
The power that is drawn from the computer power supply is complete with the exception of the 
power required for the INA 118 chip (thermocouples).  The -12 VDC has been spliced but the +12 
VDC still needs to be taken from the power supply to the circuit. The thermocouple amplification 
circuits have not been extensively tested. 
The power for the actuators (28 VDC) has been sourced from a laboratory power supply during 
testing.  In order to interface with the onboard power supply the plug needs to be wired to the 
motor driver.  This will complete the power assembly. 
 
Central Processor Assembly 
The hardware for the CPU and associated electronics is mostly complete.  Tasks still remaining to be 
complete include: 
1. Completing the fourth accelerometer board. 
2. Wiring and mounting the INI chip for thermocouple sensing. 
3. Finishing the LabView user interface (see below) 
4. Making sure the motor drivers are not overheating during extensive use. 
 
Actuator Coupling Assembly  
The actuator coupling is complete.  The only missing aspects of this will fall into the section below 
dedicated to LabView.  One area of the coupling that should be kept in mind, and as a general rule 
for the stand as a whole, is lubrication.  The rails have not been lubricated during testing and neither 
have the actuators.  Before extensive use, any lubricated component should be inspected and 
lubricated per the manufacturer’s instruction.  
More information on the ball nut accelerometer bracket needs to be done – what method is the best 
for installation? 
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LabView 
Most of the remaining work is finishing the LabView code. Below is a list of necessary steps that 
need to be taken to create an autonomous LabView interface that meets the requirements of the 
stand. 
1. Magnetic switching needs to be converted from a manual configuration to one which will 
allow the switch to automatically switch between actuators at a user specified time. 
2. Data collection and storage needs to be completed with a system for storing data that is 
easily retrievable and readable. 
3. System response needs to be cleaned up so the actuator more closely follows the desired 
position profile.  
4. A user interface that is more geared toward automated operation.  As of now the interface is 
mostly manually operated.   
5. 1553 interfacing 
 
General 
As a team, we feel great about what we have learned and managed to accomplish in 9 months.  The 
stand is over 90% complete and with a little work, should be fully operational in no time at all.  The 
main task is building the LabView code to be automated and with little user input. Once the above 
tasks are complete, the stand should generate some interesting data that will greatly help EMA 
research. The Health Systems Management team will be pleased with the very portable test stand 
and its future ability to inject, capture, and record faults of electro mechanical actuators. Hopefully 
this test stand will prove to be a vehicle of safety for future avionics.  
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Chapter 9 Appendices 
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11. Test Procedures 
 
12. Software: C++ code and serial API 
 
13. Software: LabView block diagrams and VI’s 
 
 
 
Appendix 1 - Quality Function Development
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Operate properly during in-flight environment 5 ● ● ● ● ● ○ ∆ ∆ ∆ ∆ ○ ∆ ○ ○ ∆ ∆
Installation into various aircraft 3 ∆ ∆ ∆ ∆ ∆ ∆ ● ● ● ● ● ○ ○ ○ ∆
Weight and volume constraints 5 ● ● ● ● ∆ ∆ ∆
Power test equipment with on-board power 5 ● ● ○ ● ∆
Input electrical load information 5 ∆ ○ ○ ● ○ ∆ ∆ ∆
Record output response of EMA 5 ○ ○ ○ ○ ○ ○ ● ● ● ● ○ ○ ∆ ∆
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Appendix 2 – Preliminary Subsystem Flow Diagram 
 
Appendix 3 ‐ Actuator Research Spreadsheet
 Company Name Web Address Progress/Updates Contact Name Phone Number Reference  Part No. Price USD Lead (wks) Power  Screw Stroke in. Velocity Temp Range Max Load Mounting Weight
Parker parker.com
received catalog in mail 10/31 ‐ pneumatic 
wrong, 11/5 email acknowledgement, left 
message with Stephanie
Stephanie Havanas 216‐896‐2577 Parker ET Series ET
Moog moog.com Rich O'Donnell 610‐328‐4000 x216 Moog 973 28 V DC 4.5 in 1120 lb 6.3 lb
310‐01 12000 26 28 VDC 3in 1000lb 4.5lb
801 28 V DC 4.78in 185lb  6.3lb
974 28 V DC 7.25 1500 lb 
Exlar spoke with Gregg on the phone, helpful Gregg
Nook nookindustries.com requested quote 10/30, received quote 10/31, 
promising, 
216‐271‐7900 Nook CCHD 8532 512 3 ‐30° F to +160° F
CCHD 5368 525 3
Joyce / Dayton joycedayton.com talked to Larry Larry 800.523.5204 Joyce/Dayton LA052L 12 V DC 3, 6, 12, 18 in ‐20 / 104 F 500 lb Clevis 12 lb 
LA052C 12 V DC 3, 6, 12, 18 in ‐20 / 104 F 500 lb Clevis or Screw End 11 lb 
quoted LA152 894 0.5 12 V DC 6 in 1500 lb
LA155 922 115 V AC 6 in 1500 lb 
Motion Systems motionsystem.com questionable applications ‐ see notes Mike 732‐222‐1800 85151 300 12/24 V DC Ball Screw 2‐15, 18, 24  0.22‐1.8 in/s 500 lb Clevis or Screw End ~6.2/5.8 lb
85199 350 12/24 V DC Ball Screw 2‐15, 18, 24 0.34‐2.72 in/s 1000 lb Clevis or Screw End ~8.4/7.5 lb
85615 12/24 V DC Ball Screw 2‐15, 18, 24 100 lb Clevis or Screw End
Island Components islandcomponents.com Spoke with on the phone/ only do custom act.
e‐motion e‐motionllc.com sketch 1‐800‐662‐1684 E‐Motion 1 17965 12, 24, 36 V DC Acme Screw 4.12 in  0.33 in/s ‐30 / 194 F 3000 lb Clevis
Duff‐Norton duffnorton.com quote request 10/31.called twice, left message  Rob Robison 951 315 8054 TMD01‐1406 12 V DC Machine 2,4,6,8,10,12  30 ‐ 50 lb
E‐drive edriveactuators.com i dont think these actuators come with motors, 
weird
860‐953‐0588 EDrive ET, VT ET202 Ball screw 6 33 in/s 200 lb clevis 9lb
Linear Industries supplier Chris ET203 Ball Screw 6 13in/s 300 lb  9lb
sent email, nothing ‐ phone call, sent another 
email mcg@moog 10/30
Machine/Ball 
Screw
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Appendix 4 – Chassis & Mounting Decision Matrices 
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Chassis Concepts 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mounting Concepts 
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Appendix 6 – Design Analysis 
Plate Bending 
Abaqus FEA software was used to find the optimal plate thickness of the aluminum base plate we 
will use for the test stand. Using the symmetric properties of the plate, it was broke into fourths. 
The model is a 8 x 9” rectangle with a 1.5 x 1.5” corner encastred. The cut edges have boundary 
conditions that allow no bending. Table 9:1 expresses the results below and Figure 9:1 is a visual 
representation of the 0.375”, point load case. 
Model Specifics 
3D deformable, Material: Elastic, Isotropic, E = 1.296*10^8, υ = 0.33 
Mesh: global seed 0.2, structured mesh 
 
Table 9:1 Abaqus Plate Bending Results Table 
Plate Thickness (in.) Load Case Max Deflection (milli in.) 
0.375 Point Load, 66 lbf 4 
0.375 Pressure, 0.25 psi 1.6 
0.5 Point Load, 66 lbf 1.7 
0.5 Pressure, 0.25 psi 0.7 
 
Figure 9:1 Final Plate Design, 0.375” thick, 66 lbf point load, 4 mil max deflection. 
Plate thickness chosen: 0.375”  
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Linear Rails 
To chose a proper size for the linear rails and guide blocks, we calculated the maximum moments 
around the blocks as shown below in Figure 9:2. The THK data sheet (appendix 8) states a 
maximum permissible static moment of 0.0805 kNm around the B axis for a single block, the double 
block max moment around the same axis is 0.486 kNm. Our case is in between with two blocks 
close together but not on the same rail as the data sheet indicates. Regardless, this block size is more 
than adequate to handle the loads it will be seeing.  
 
MA = 50 lbf * 1 in * 11.3*10-5 kNm/lbin = 0.00565 kNm 
 
MB = 50 lbf * 2 in * 11.3*10-5 kNm/lbin = 0.0113 kNm ? driving factor 
 
MC = 0 
 
Figure 9:2 Guide Block Sizing Diagram. 
 
THK blocks chosen: HSR 15RM 
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Appendix 7 – Assembly & Component Drawings  
 
Master Assembly Drawing . . . . . . . 7.2 
 
A. Chassis Assembly . . . . . . . 7.3 
A.1 Base Plate  . . . . . . . 7.4 
A.2 323.8mm Extrusion . . . . . . 7.5 
A.3 357.8mm Extrusion . . . . . . 7.6 
A.4 349.2mm Extrusion . . . . . . 7.7 
A.5 Elbow Bracket . . . . . . . 7.8 
A.6 Fasteners  . . . . . . . 7.9 
 
B. Actuator Coupling Assembly 
B.1 Bug Actuator 
B.2 Actuator Tube Mount 
B.3 Coupling 
B.4 Accelerometer Bracket 
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Appendix 8 – Bill of Materials 
Master Bill of Materials . . . . . . . 8.2 
 
Data Sheets 
 
A. Actuators 
M001 Load Actuator 
M002 & M003 Test Actuator 
M004 Tube Mount 
 
B. Chassis 
 
C. Coupling 
M050 & M052 HSR 15RM Guide Block & Linear Rail Assembly 
 
D. Motor Drivers 
E001 Cal Poly ME 405 Board 
E002 Poulu Motor Driver 
E003 Quadrature Decoder/Counter Interface 
 
E. PC, Licenses, Power 
E020 Computer  
E023 EDT PCI 53B Card 
 
F. DAQ & Sensors 
E070 National Instruments PCI 6259 
E074 INA 118  
E075 Load Cell: Omega LC75 
E076 Power Transistor 
E080 Accelerometer: Endevco 7253C -10  
E085 Thermocouple: Omega  
 
Appendix 8
Part # Quantity Part Name Supplier Part Number Lead Time Price/ Ea. Cost Requested Ordered Received
Actuators
M001 1 Load Actuator UltraMotion 3‐B.125‐DC92_24‐4‐P‐B/ST4 3 wk. 1,065.00          1,065.00            2/25/2009 3/10/2009 3/27/2009
M002 1 Healthy Test Actuator UltraMotion 3‐B.125‐DC92_24E5‐4‐B/ST4 3 wk. 1,135.00          1,135.00            2/24/2009 3/9/2009 3/27/2009
M003 1 Fault Test Actuator UltraMotion 3‐B.125‐DC92_24E5‐4‐B/ST4 3 wk. 1,135.00          1,135.00            2/24/2009 3/9/2009 3/27/2009
M005 3 Actuator Tube Mount UltraMotion contained with Ultra Part. No. 3 wk. ‐                     ‐                       3/9/2009 3/27/2009
M006 18 Tube Mount Screws Fastenal 1 da. 0.25                  4.50                    
M007 3 Motor Housing Support Cal Poly 1 da. ‐                     ‐                      
M008 0 Housing Support Screws Fastenal 1 da. 0.25                  ‐                      
M009 2 Accelerometer Mount Cal Poly ‐                     ‐                       5/1/2009
Chassis
M010 1 Base Plate TCI Aluminum 0.375 x 17 x 18 in 3 da. 88.00               88.00                  2/18/2009
M011 4 323.8mm Extrusion Ames n/a 0 ‐                     ‐                       2/2/2009 2/2/2009
M012 4 357.8mm Extrusion Ames n/a 0 ‐                     ‐                       2/2/2009 2/2/2009
M013 4 349.2mm Extrusion Ames n/a 0 ‐                     ‐                       2/2/2009 2/2/2009
M014 1 Elbow Bracket McMaster 8982K324 2 da. 18.63               18.63                  3/9/2009 3/11/2009
M015 3 T‐Nuts w/ Cap Screw McMaster 47065T97 2 da. 11.45               34.35                  2/18/2009 3/9/2009
M016 4 Plate Gusset Ames n/a 0 ‐                     ‐                       2/2/2009 2/2/2009
M017 16 Gusset Screws Ames n/a 0 ‐                     ‐                       2/2/2009 2/2/2009
M018 1 Clear Plastic 0.0625" McMaster 1 da. 7.00                  7.00                     4/30/2009
M019 1 ABS Plastic 0.0625" McMaster 1 da. 30.00               30.00                  4/30/2009
M020 2 Rack Face Plate Cal Poly n/a 0 ‐                     ‐                       2/17/2009 2/17/2009
M021 1 Racks Cal Poly n/a 0 ‐                     ‐                       2/17/2009 2/17/2009
Coupling
M050 2 Linear Rails 220mm McMaster 6709K31 1 wk. 77.00               154.00               3/2/2009 3/9/2009 3/11/2009
M051 8 Rail Screws Fastenal 1 da. 0.25                  2.00                    
M052 2 Guide Block McMaster 6709K12 3 da. 107.00             214.00               3/2/2009 3/9/2009 3/11/2009
M053 2 Magnet Switch McMaster 5698K116 3 da.   52.14               104.28               2/24/2009 3/9/2009 3/11/2009
M054 2 Magnet Screws Fastenal 70007 1 da. 0.29                  0.58                    
M055 1 Rigid Bar McMaster 3 da. 30.00               30.00                 
M056  8 Block Screws Fastenal 0.16                  1.28                    
M057 1 Load Cell Screw Fastenal 1 da. 0.25                  0.25                    
Motor Drivers
E001 1 Motor Driver CP Cal Poly n/a 0 ‐                     ‐                       3/4/2009
E002 1 Polulu Motor Driver Polulu VNH3SP30 50.00               50.00                  3/2/2009 3/10/2009
E003 1 Quad Encoder Counter Avago HCTL‐2032 2 da. 8.00                  8.00                     3/2/2009 3/10/2009 3/12/2009
E004 1 Prototype Board 1 DigiKey 3409K‐ND 3 da. 10.00               10.00                  4/30/2009
E005 2 Prototype Board 2 DigiKey 3406K‐ND 3 da. 7.00                  14.00                  4/30/2009
E006 1 USB cable Amazon 3 da. 2.00                  2.00                     4/30/2009
E007 1 Breakaway Female Header SparkFun 3 da.  1.50                  1.50                     4/30/2009
E008 Misc. Controller Mounts
PC, Licenses, Power
E020 1 HP 7100 Computer TigerDirect 1 wk. 200.00             200.00               3/12/2009 3/12/2009 recd
E021 1 Solid State Disk NewEgg N82E16820208347 1 wk. 85.00               85.00                  3/10/2009 3/12/2009 recd
E022 1 Memory NewEgg N82E16820231036 1 wk. 30.00               30.00                  3/12/2009 3/12/2009 recd
E023 1 1553 Bus  PCI Board Ames ‐                     ‐                       4/30/2009
E024 1 LabView License Student  Cal Poly ‐                     ‐                       recd
E025 1 Windows License Microsoft w/ Computer ‐                     ‐                       3/12/2009 recd
E025 1 Misc. Mount Screws 3.00                  3.00                    
E051 1 PS Alum. Mount 10.00               10.00                 
E052 1 Misc. PS Mount Screws 3.00                  3.00                    
E053 1 Misc. Power Wires 5.00                  5.00                    
E054 1 28VDC Distribution  Ames ‐                     ‐                      
DAQ & Sensors
E070 1 DAQ Module National Instruments PCI 6259 3 da. 1,400.00          1,400.00            4/30/2009
E071 1 DAQ Cable National Instruments SHC68‐68‐EPM 3 da. 99.00               99.00                  4/30/2009
E072 1 DAQ Mount 10.00               10.00                 
E073 1 Misc. DAQ Wires 10.00               10.00                 
E074 5 Instrumentation OpAmps DigiKey INA118 1 wk. 10.00               50.00                  4/9/2009 4/10/2009
E075 1 Load Cell Omega LC703‐75 1 wk. 300.00             300.00               3/4/2009 3/10/2009
E076 4 Power Transistor
E080 4 Accelerometer Ames Endevco 7253C‐10 ‐                     ‐                       4/9/2009
E081 12 Female BNC DigiKey A32406 4.80                  57.60                  4/30/2009
E082 4 Accelerometer Electronics 10.00               40.00                 
E085 1 Thermocouple 5 pk. Omega 5TC TT K 30 36 1 wk. 44.00               44.00                  2/24/2009 3/10/2009 recd
1 Shipping 300.00             300.00              
CP Total 86.61
NASA Total 6669.36
Total 6,755.97$         
= Ready to Order
= Donated
= Cal Poly Order (Local)
= UnChosen
NASA Ames EMA Test Stand Master Bill of Materials - Stand by M.E.
max force: 340 lbs
max speed:  4.3 in/sec
no-load current: 0.17 amps
stall current: 8.1 amps
max current: 8.1 amps
backlash: 0.0025 in
Bug Page Ultra Motion Bug linear actuator
part number: 3-B.125-DC92_24-4-P-B/ST4
actuator speed/force graph: 3 - B.125 - DC92_24
belt ratio: 3 - 3:1 ratio
lead screw: B.125 - Ball bearing nut, 0.1250 in/rev lead screw
pitch: 0.125 in/rev
efficiency: 98 %
dynamic load: 5000 lb*in/sec (100% duty cycle)
motor: DC92_24 - Low-power 24VDC servo motor
stall torque: 41.3 oz/in
no-load speed: 102.5 rev/sec
stall current: 8.11 amps
no-load current: 0.16 amps
Ultra Motion part number: 3-B.125-DC92_24-4-P-B/ST4 http://www.ultramotion.com/products/actuator_info.php?ac=2&mt=2&ls...
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continuous operation: 6.2 oz/in
drawing: PDF  DXF
stroke length: 4 inches
potentiometer: P - Precision linear potentiometer
total resistance: 5 K ohms
linearity: 2 %
tube mount: B - Block mount
drawing: PDF  DXF
nose mount: ST4 - 1/4-28 UNF threaded stud
drawing: coming soon
Ultra Motion part number: 3-B.125-DC92_24-4-P-B/ST4 http://www.ultramotion.com/products/actuator_info.php?ac=2&mt=2&ls...
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max force: 340 lbs
max speed:  4.3 in/sec
no-load current: 0.17 amps
stall current: 8.1 amps
max current: 8.1 amps
backlash: 0.0025 in
encoder linear resolution: 48000 counts/in
Bug Page Ultra Motion Bug linear actuator
part number: 3-B.125-DC92_24E5-4-B/ST4
actuator speed/force graph: 3 - B.125 - DC92_24
belt ratio: 3 - 3:1 ratio
lead screw: B.125 - Ball bearing nut, 0.1250 in/rev lead screw
pitch: 0.125 in/rev
efficiency: 98 %
dynamic load: 5000 lb*in/sec (100% duty cycle)
motor: DC92_24 - Low-power 24VDC servo motor
stall torque: 41.3 oz/in
no-load speed: 102.5 rev/sec
stall current: 8.11 amps
Ultra Motion part number: 3-B.125-DC92_24E5-4-B/ST4 http://www.ultramotion.com/products/actuator_info.php?ac=2&mt=2&ls...
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no-load current: 0.16 amps
continuous operation: 6.2 oz/in
drawing: PDF  DXF
motor add-on: E5 - Optical encoder
channels: 3
line count: 500 lines/rev
quadrature count: 2000 counts/rev
drawing: coming soon
stroke length: 4 inches
tube mount: B - Block mount
drawing: PDF  DXF
nose mount: ST4 - 1/4-28 UNF threaded stud
drawing: coming soon
Ultra Motion part number: 3-B.125-DC92_24E5-4-B/ST4 http://www.ultramotion.com/products/actuator_info.php?ac=2&mt=2&ls...
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B-70
Models HSR-R, HSR-RM, HSR-LR and HSR-LRM
Model number coding
(*1) See contamination protection accessory on A-368. (*2) See A-114. (*3) See A-119. (*4) See A-59.
Note) This model number indicates that a single-rail unit constitutes one set. (i.e., required number of sets when 2 rails are
used in parallel is 2 at a minimum.)
Those models equipped with QZ Lubricator cannot have a grease nipple.
Model No.
Outer dimensions LM block dimensions
Height Width Length Grease 
nipple
M W L B C S?l L1 T K N E H3
HSR 15R
HSR 15RM 28 34 56.6 26 26 M4?5 38.8 6 23.3 8.3 5.5 PB1021B 3.5
HSR 20R
HSR 20RM 30 44 74 32 36 M5?6 50.8 8 26 5 12 B-M6F 4
HSR 20LR
HSR 20LRM 30 44 90 32 50 M5?6 66.8 8 26 5 12 B-M6F 4
HSR 25R
HSR 25RM 40 48 83.1 35 35 M6?8 59.5 9 34.5 10 12 B-M6F 5.5
HSR 25LR
HSR 25LRM 40 48 102.2 35 50 M6?8 78.6 9 34.5 10 12 B-M6F 5.5
HSR 30R
HSR 30RM 45 60 98 40 40 M8?10 70.4 9 38 10 12 B-M6F 7
HSR 30LR
HSR 30LRM 45 60 120.6 40 60 M8?10 93 9 38 10 12 B-M6F 7
HSR 35R
HSR 35RM 55 70 109.4 50 50 M8?12 80.4 11.7 47.5 15 12 B-M6F 7.5
HSR 35LR
HSR 35LRM 55 70 134.8 50 72 M8?12 105.8 11.7 47.5 15 12 B-M6F 7.5
HSR 45R
HSR 45LR 70 86
139
170.8 60
60
80 M10?17
98
129.8 15 60 20 16 B-PT1/8 10
HSR 55R
HSR 55LR 80 100
163
201.1 75
75
95 M12?18
118
156.1 20.5 67 21 16 B-PT1/8 13
HSR 65R
HSR 65LR 90 126
186
245.5 76
70
120 M16?20
147
206.5 23 76 19 16 B-PT1/8 14
HSR 85R
HSR 85LR 110 156
245.6
303 100
80
140 M18?25
178.6
236 29 94 23 16 B-PT1/8 16
W2 W1
W
B
M
T
4-S?l
?K?
H3
Symbol for
No. of rails used
on the same 
plane (*4)
Symbol for 
LM rail jointed use
LM rail length
(in mm)
Contamination 
protection
accessory 
symbol (*1)
With QZ
Lubricator
Stainless steel
LM block
Stainless steel
LM rail
Accuracy symbol (*3)
Normal grade (No Symbol)/High accuracy grade (H)
Precision grade (P)/Super precision grade (SP)
Ultra precision grade (UP)
Radial clearance symbol (*2)
Normal (No symbol)
Light preload (C1)
Medium preload (C0)
No. of LM blocks
used on the same 
rail
Type of
LM block
Model 
number
HSR35  R  2  QZ  SS  C0  M  +1400L  P  T  M  -?
500-1E1
B-71
LM
 G
uide
Unit: mm
Note) Symbol M indicates that stainless steel is used in the LM block, LM rail and balls. Those models marked with this symbol
are therefore highly resistant to corrosion and environment.
The maximum length under “Length?” indicates the standard maximum length of an LM rail. (See B-82.)
Static permissible moment?: 1 block: static permissible moment value with 1 LM block
Double blocks: static permissible moment value with 2 blocks closely contacting with each other
LM rail dimensions Basic load rating Static permissible moment kN-m
? Mass
Width Height Pitch Length? C C0
MA MB MC LM 
block
LM 
rail
W1
±0.05 W2 M1 F d1?d2?h Max kN kN
1 
block
Double 
blocks
1 
block
Double 
blocks
1 
block kg kg/m
15 9.5 15 60 4.5?7.5?5.3 3000(1240) 8.33 13.5 0.0805 0.457 0.0805 0.457 0.0844 0.18 1.5
20 12 18 60 6?9.5?8.5 3000(1480) 13.8 23.8 0.19 1.04 0.19 1.04 0.201 0.25 2.3
20 12 18 60 6?9.5?8.5 3000(1480) 21.3 31.8 0.323 1.66 0.323 1.66 0.27 0.35 2.3
23 12.5 22 60 7?11?9 3000(2020) 19.9 34.4 0.307 1.71 0.307 1.71 0.344 0.54 3.3
23 12.5 22 60 7?11?9 3000(2020) 27.2 45.9 0.529 2.74 0.529 2.74 0.459 0.67 3.3
28 16 26 80 9?14?12 3000(2520) 28 46.8 0.524 2.7 0.524 2.7 0.562 0.9 4.8
28 16 26 80 9?14?12 3000(2520) 37.3 62.5 0.889 4.37 0.889 4.37 0.751 1.1 4.8
34 18 29 80 9?14?12 3000(2520) 37.3 61.1 0.782 3.93 0.782 3.93 0.905 1.5 6.6
34 18 29 80 9?14?12 3000(2520) 50.2 81.5 1.32 6.35 1.32 6.35 1.2 2 6.6
45 20.5 38 105 14?20?17 3090 6080.4
95.6
127
1.42
2.44
7.92
12.6
1.42
2.44
7.92
12.6
1.83
2.43
2.6
3.1 11
53 23.5 44 120 16?23?20 3060 88.5119
137
183
2.45
4.22
13.2
21.3
2.45
4.22
13.2
21.3
3.2
4.28
4.3
5.4 15.1
63 31.5 53 150 18?26?22 3000 141192
215
286
4.8
8.72
23.5
40.5
4.8
8.72
23.5
40.5
5.82
7.7
7.3
9.3 22.5
85 35.5 65 180 24?35?28 3000 210282
310
412
8.31
14.2
45.6
72.5
8.31
14.2
45.6
72.5
11
14.7
13
16 35.2
φ d1
M1
φ d2
F
N
h
?E?
L1
L
C
Description of Each Option ?A-351     Dimensions?B-223
500-1E1
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® VNH3SP30
FULLY INTEGRATED H-BRIDGE MOTOR DRIVER
(*) Typical per leg at 25°C
n OUTPUT CURRENT:30 A 
n 5V LOGIC LEVEL COMPATIBLE INPUTS 
n UNDERVOLTAGE AND OVERVOLTAGE 
SHUT-DOWN
n OVERVOLTAGE CLAMP
n THERMAL SHUT DOWN
n CROSS-CONDUCTION PROTECTION
n LINEAR CURRENT LIMITER
n VERY LOW STAND-BY POWER 
CONSUMPTION
n PWM OPERATION UP TO 10 KHz
n PROTECTION AGAINST:
LOSS OF GROUND AND LOSS OF VCC
DESCRIPTION
The VNH3SP30 is a full bridge motor driver
intended for a wide range of automotive
applications. The device incorporates a dual
monolithic HSD and two Low-Side switches. The
HSD switch is designed using STMicroelectronics
VIPower M0-3 technology that allows to efficiently
integrate on the same die a true Power MOSFET
with an intelligent signal/protection circuitry. The
Low-Side switches are vertical MOSFETs
manufactured using STMicroelectronics
proprietary EHD (“STripFET™”) process.
TYPE RDS(on) (*) IOUT VCCmax
VNH3SP30 34mΩ 30 A 40 V
MultiPowerSO-30
BLOCK DIAGRAM
LOGIC
VCC
OUTA
DIAGA/ENA INBINAGNDA PWM DIAGB/ENB
LSA
CLAMP A
LSA
HSA
OVERTEMPERATURE A OVERTEMPERATURE BOV + UV
CURRENT
LIMITATION A
OUTB
GNDB
LSB
CLAMP B
HSB
CURRENT
LIMITATION B
DRIVER
HSA
DRIVER
LSB
DRIVER
HSB
DRIVER
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VNH3SP30
The three dice are assembled in MultiPowerSO-30
package on electrically isolated leadframes. This
package, specifically designed for the harsh
automotive environment offers improved thermal
performance thanks to exposed die pads.
Moreover, its fully symmetrical mechanical design
allows superior manufacturability at board level.
The input signals INA and INB can directly
interface to the microcontroller to select the motor
direction and the brake condition. The DIAGA/ENA
or DIAGB/ENB, when connected to an external pull
CONNECTION DIAGRAM (TOP VIEW)
PIN DEFINITIONS AND FUNCTIONS
up resistor, enable one leg of the bridge. They also
provide a feedback digital diagnostic signal. The
normal condition operation is explained in the truth
table on page 7. The PWM, up to 10KHz, lets us to
control the speed of the motor in all possible
conditions. In all cases, a low level state on the
PWM pin will turn off both the LSA and LSB
switches. When PWM rises to a high level, LSA or
LSB turn on again depending on the input pin
state.
(*) Note: GNDA and GNDB must be externally connected together
PIN No SYMBOL FUNCTION
1, 25, 30 OUTA, Heat Slug2 Source of High-Side Switch A / Drain of Low-Side Switch A
2, 4,7,9,12,14,17, 22, 
24,29 NC Not connected
3, 13, 23 VCC, Heat Slug1 Drain of High-Side Switches and Power Supply Voltage
5 INA Clockwise Input
6 ENA/DIAGA Status of High-Side and Low-Side Switches A; Open Drain Output
8 PWM PWM Input
9 NC Not connected
10
ENB/DIAGB Status of High-Side and Low-Side Switches B; Open Drain Output
11 INB Counter Clockwise Input
15, 16, 21 OUTB, Heat Slug3 Source of High-Side Switch B / Drain of Low-Side Switch B
26, 27, 28 GNDA Source of Low-Side Switch A (*)
 18, 19, 20 GNDB Source of Low-Side Switch B (*)
OUTA OUTA
OUTA
OUTB
OUTB
Nc
Vcc
Nc
INA
ENA/DIAGA
Nc
PWM
Nc
ENB/DIAGB
INB
Nc
Nc
Vcc
OUTB
Nc
Nc
GNDA
GNDA
GNDA
Nc
Vcc
Nc
GNDB
GNDB
GNDB
1
15 16
30
VCC
Heat Slug1
OUTB
Heat Slug2
OUTA
Heat Slug3
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VNH3SP30
PIN FUNCTIONS DESCRIPTION
BLOCK DESCRIPTIONS
(see Electrical Block Diagram page 4)
NAME DESCRIPTION
VCC Battery connection.
 
GNDA
GNDB
Power grounds, must always be externally connected together.
OUTA
OUTB
Power connections to the motor.
INA
INB
Voltage controlled input pins with hysteresis, CMOS compatible. These two pins control the state of 
the bridge in normal operation according to the truth table (brake to VCC, Brake to GND, clockwise and 
counterclockwise).
PWM Voltage controlled input pin with hysteresis, CMOS compatible. Gates of Low-Side FETS get 
modulated by the PWM signal during their ON phase allowing speed control of the motor
ENA/DIAGA
ENB/DIAGB
Open drain bidirectional logic pins. These pins must be connected to an external pull up resistor.When 
externally pulled low, they disable half-bridge A or B. In case of fault detection (thermal shutdown of a 
High-Side FET or excessive ON state voltage drop across a Low-Side FET), these pins are pulled low 
by the device (see truth table in fault condition).
NAME DESCRIPTION
LOGIC CONTROL Allows the turn-on and the turn-off of the High Side and the Low Side 
switches according to the truth table.
OVERVOLTAGE + UNDERVOLTAGE Shut-down the device outside the range [5.5V..36V] for the battery 
voltage.
HIGH SIDE CLAMP VOLTAGE Protect the High-Side switches from the high voltage on the battery line in all configuration for the motor.
HIGH SIDE AND LOW SIDE DRIVER Drive the gate of the concerned switch to allow a good RDS(on) for the leg of the bridge.
LINEAR CURRENT LIMITER In case of short circuit for the High-Side switch, limits the motor current by reducing its electrical characteristics.
OVERTEMPERATURE PROTECTION
In case of short-circuit with the increase of the junction’s temperature, 
shuts-down the concerned High-Side to prevent its degradation and to 
protect the die.
FAULT DETECTION Signalize an abnormal behavior of the switches in the half-bridge A or B by pulling low the concerned ENx/DIAGx pin.
4/26
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ABSOLUTE MAXIMUM RATING
CURRENT AND VOLTAGE CONVENTIONS
Symbol Parameter Value Unit
VCC Supply voltage -0.3.. 40 V
Imax1 Maximum output current (continuous) 30 A
IR Reverse output current (continuous) -30 A
IIN Input current (INA and INB pins) +/- 10 mA
IEN Enable input current (DIAGA/ENA and DIAGB/ENB pins) +/- 10 mA
Ipw PWM input current +/- 10 mA
VESD
Electrostatic discharge (R=1.5kΩ, C=100pF)
- Logic pins
- Output pins: OUTA, OUTB, VCC
4
5
KV
kV
Tj Junction operating temperature Internally Limited °C
Tc Case operating temperature -40 to 150 °C
TSTG Storage temperature -55 to 150 °C
VCC
INA
GNDB
ICC
IOUTA
IINA
VINA
VCC
VOUTA
VOUTB
DIAGA/ENA
IENA
IGND
IOUTBINB
IINB
DIAGB/ENB
IENB
VENBVENAVINB
OUTA
OUTB
PWM
Ipw
Vpw
GNDA
GND
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THERMAL DATA
See MultiPowerSO-30 Thermal Data section.
ELECTRICAL CHARACTERISTICS (VCC=9V up to 18V; -40°C<Tj<150°C; unless otherwise specified)
POWER
SWITCHING (VCC=13V, RLOAD=1.1Ω)
PROTECTION AND DIAGNOSTIC
Symbol Parameter Test Conditions Min Typ Max Unit
VCC Operating supply voltage 5.5 36 V
RONHS On state high side resistance ILOAD=12A; Tj=25°C 23 30 mΩ
RONLS On state low side resistance ILOAD=12A; Tj=25°C 11 15 mΩ
RON On state leg resistance ILOAD=12A 90 mΩ
Is Supply current
ON state; VINA=VINB=5V
OFF state
15
40
mA
µA
Vf
High Side Free-wheeling 
Diode Forward Voltage If=12A 0.8 1.1 V
IL(off)
High Side Off State Output 
Current (per channel)
Tj=25°C; VOUTX=ENX=0V; 
VCC=13V
Tj=125°C; VOUTX=ENX=0V; 
VCC=13V
3
5
µA
µA
Symbol Parameter Test Conditions Min Typ Max Unit
f PWM frequency 0 10 kHz
tD(on) Turn-on delay time Input rise time < 1µs (see fig. 3) 100 300 µs
tD(off) Turn-off delay time Input rise time < 1µs (see fig. 3) 85 255 µs
tr Output voltage rise time (see fig. 2) 1.5 3 µs
tf Output voltage fall time (see fig. 2) 2 5 µs
tDEL
Delay time during change of 
operation mode (see fig. 1) 600 1800 µs
Symbol Parameter Test Conditions Min Typ Max Unit
VUSD Undervoltage shut-down 5.5 V
VOV Overvoltage shut-down 36 43 V
ILIM Current limitation 30 45 A
TTSD
Thermal shut-down
temperature
VIN = 3.25 V 150 170 200 °C
TTR Thermal Reset Temperature 135 °C
THYST Thermal Hysteresis 7 15 °C
1
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ELECTRICAL CHARACTERISTICS (continued)
PWM
LOGIC INPUT (INA/INB)
ENABLE (LOGIC I/O PIN)
Symbol Parameter Test Conditions Min Typ Max Unit
Vpwl PWM low level voltage 1.5 V
Ipwl Low level PWM pin current Vpw=1.5V 1 µA
Vpwh PWM high level voltage 3.25 V
Ipwh High level PWM pin current Vpw=3.25V 10 µA
Vpwhhyst PWM hysteresis voltage 0.5 V
Vpwcl PWM clamp voltage
Ipw = 1 mA
Ipw = -1 mA
VCC+0.3
-5.0
VCC+0.7
-3.5
VCC+1.0
-2.0
V
V
Vpwtest Test mode PWM pin voltage -3.5 -2.0 -0.5 V
Ipwtest Test mode PWM pin current Vpwtest = -2.0V -2000 -500 µA
Symbol Parameter Test Conditions Min Typ Max Unit
VIL Input low level voltage 1.5 V
IINL Input current VIN=1.5V 1 µA
VIH Input high level voltage 3.25 V
IINH Input current VIN=3.25V 10 µA
VIHYST Input hysteresis voltage 0.5 V
VICL Input clamp voltage
IIN=1mA
IIN=-1mA
6.0
-1.0
6.8
-0.7
8.0
-0.3
V
V
Symbol Parameter Test Conditions Min Typ Max Unit
VENL Enable low level voltage
Normal operation
(DIAGX/ENX pin acts as an 
input pin)
1.5 V
IENL Low level Enable pin current VEN= 1.5V 1 µA
VENH Enable high level voltage
Normal operation
(DIAGX/ENX pin acts as an 
input pin)
3.25 V
IENH
High level Enable pin 
current VEN= 3.25V 10 µA
VEHYST Enable hysteresis voltage
Normal operation
(DIAGX/ENX pin acts as an 
input pin)
0.5 V
VENCL Enable clamp voltage
IEN=1mA
IEN=-1mA
6.0
-1.0
6.8
-0.7
8.0
-0.3
V
V
VDIAG
Enable output low level
voltage
Fault operation
(DIAGX/ENX pin acts as an 
input pin)
IEN=1 mA
0.4 V
2
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WAVEFORMS AND TRUTH TABLE
TRUTH TABLE IN NORMAL OPERATING CONDITIONS
In normal operating conditions the DIAGX/ENX pin is considered as an input pin by the device. This pin must be externally
pulled high.
PWM pin usage:
In all cases, a “0” on the PWM pin will turn-off both LSA and LSB switches. When PWM rises back to “1”, LSA or LSB
turn on again depending on the input pin state.
NB: in no cases external pins (except for GNDB and GNDA) are allowed to be connected with ground.
TYPICAL APPLICATION CIRCUIT FOR DC TO 10KHz PWM OPERATION
INA INB DIAGA/ENA DIAGB/ENB OUTA OUTB Comment
1 1 1 1 H H Brake to VCC
1 0 1 1 H L Clockwise
0 1 1 1 L H Counter cw
0 0 1 1 L L Brake to GND
M
CW
CCW
OUTA OUTB
DIAGA/ENA
+5V
VCC
PWM
INA
1K
1K
1K
DIAGB/ENB
+5V
INB
1K
1K
GNDB
GNDA
HSA
LSA
HSB
LSB
3.3K 3.3K
µC
Reg 5V
10K
(*) Open load detection in off mode
(*)
D
S
G
b) N MOSFET
VCC
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REVERSE BATTERY PROTECTION
Three possible solutions can be thought of:
a) a Schottky diode D connected to VCC pin
b) a N-channel MOSFET connected to the GND pin (see Typical Application Circuit on page 7)
c) a P-channel MOSFET connected to the VCC pin
The device sustains no more than -30A in reverse battery conditions because of the two Body diodes of
the Power MOSFETs. Additionally, in reverse battery condition the I/Os of VNH2SP30 will be pulled down
to the VCC line (approximately -1.5V). Series resistor must be inserted to limit the current sunk from the
microcontroller I/Os. If IRmax is the maximum target reverse current through µC I/Os, series resistor is:
OPEN LOAD DETECTION IN OFF-MODE
It is possible for the microcontroller to detect an open load condition by adding a simply resistor (for
example 10kΩ) between one of the outputs of the bridge (for example OUTB) and one microcontroller
input. A possible sequence of inputs and enable signals is the following: INA=1, INB=X, ENA= 1, ENB=0.
- normal condition: OUTA=H and OUTB=H
- open load condition: OUTA=H and OUTB=L: in this case the OUTB pin is internally pulled down to
GND. This condition is detected on OUTB pin by the microcontroller as an open load fault.
SHORT CIRCUIT PROTECTION
In case of a fault condition the DIAGX/ENX pin is considered as an output pin by the device.
The fault conditions are: 
- overtemperature on one or both high sides;
- short to battery condition on the output (saturation detection on the Low-Side Power MOSFET).
Possible origins of fault conditions may be:
OUTA is shorted to ground ---> overtemperature detection on high side A.
OUTA is shorted to VCC ---> Low-Side Power MOSFET saturation detection. (1)
When a fault condition is detected, the user can know which power element is in fault by monitoring the
INA, INB, DIAGA/ENA and DIAGB/ENB pins. 
In any case, when a fault is detected, the faulty half bridge is latched off. To turn-on the respective output
(OUTX) again, the input signal must rise from low to high level.
(1) An internal operational amplifier compares the Drain-Source MOSFET voltage with the internal reference (2.7V Typ.).
The relevant Lowside PowerMOS is switched off when its Drain-Source voltage exceeds the reference voltage.
TRUTH TABLE IN FAULT CONDITIONS (detected on OUTA)
INA INB DIAGA/ENA DIAGB/ENB OUTA OUTB
1 1 0 1 OPEN H
1 0 0 1 OPEN L
0 1 0 1 OPEN H
0 0 0 1 OPEN L
X X 0 0 OPEN OPEN
X 1 0 1 OPEN H
X 0 0 1 OPEN OPEN
R
VIOs VCC–
IRmax
------------------------------=
Fault Information Protection Action
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TEST MODE
The PWM pin allows to test the load connection between two half-bridges. In the test mode (Vpwm=-2V)
the internal Power Mos gate drivers are disabled. The INA or INB inputs allow to turn-on the High Side A
or B, respectively, in order to connect one side of the load at VCC voltage. The check of the voltage on
the other side of the load allow to verify the continuity of the load connection. In case of load
disconnection the DIADX/ENX pin corresponding to the faulty output is pulled down.
ELECTRICAL TRANSIENT REQUIREMENTS
ISO T/R
7637/1
Test Pulse
Test Level
I
Test Level
II
Test Level
III
Test Level
IV
Test Levels
Delays and Impedance
1 -25V -50V -75V -100V 2ms, 10Ω
2 +25V +50V +75V +100V 0.2ms, 10Ω
3a -25V -50V -100V -150V 0.1µs, 50Ω
3b +25V +50V +75V +100V 0.1µs, 50Ω
4 -4V -5V -6V -7V 100ms, 0.01Ω
5 +26.5V +46.5V +66.5V +86.5V 400ms, 2Ω
ISO T/R
7637/1
Test Pulse
Test Levels Result
I
Test Levels Result
II
Test Levels Result
III
Test Levels Result
IV
1 C C C C
2 C C C C
3a C C C C
3b C C C C
4 C C C C
5 C E E E
Class Contents
C All functions of the device are performed as designed after exposure to disturbance.
E One or more functions of the device are not performed as designed after exposure to disturbance 
and cannot be returned to proper operation without replacing the device.
1
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HALF-BRIDGE CONFIGURATION
The VNH3SP30 can be used as a high power half-bridge driver achieving an on resistance
per leg of 22.5mΩ. Suggested configuration is the following:
MOUTA OUTAOUTB OUTB
VCC
PWM
DIAGA/ENA
INA
DIAGB/ENB
INB
GNDBGNDA GNDBGNDA
PWM
DIAGA/ENA
INA
DIAGB/ENB
INB
MULTI-MOTORS CONFIGURATION
The VNH3SP30 can easily be designed in multi-motors driving applications such as seat
positioning systems where only one motor must be driven at a time. DIAGX/ENX pins allow
to put unused half-bridges in high impedance. Suggested configuration is the following:
M2OUTA OUTAOUTB OUTB
VCC
PWM
DIAGA/ENA
INA
DIAGB/ENB
INB
GNDBGNDA GNDBGNDA
PWM
DIAGA/ENA
INA
DIAGB/ENB
INB
M1 M3
11/26
VNH3SP30
Figure 1: Definition of the delay times measurement (example of clockwise operation)
tf
Figure 2: Definition of the Low Side Switching times 
PWM
t
t
VOUTA, B
20%
90% 80%
10% tr
t
t
VINB
VINA,
t
PWM
t
ILOAD
tDEL
tDEL
HCTL-2032, HCTL-2032-SC, HCTL-2032-SCT, HCTL-2022
Quadrature Decoder/ Counter Interface ICs
Data Sheet 
Description
The HCTL-20XX-XX is CMOS ICs that perform the quadra-
ture decoder, counter, and bus interface function. The 
HCTL-20XX-XX is designed to improve system perfor-
mance in digital closed loop motion control systems and 
digital data input systems. It does this by shifting time 
intensive quadrature decoder functions to a cost effec-
tive hardware solution. The HCTL-20XX-XX consists of a 
quadrature decoder logic, a binary up/down state coun-
ter, and an 8-bit bus interface. The use of Schmitt-trig-
gered CMOS inputs and input noise filters allows reliable 
operation in noisy environments. The HCTL-20XX-XX 
contains 32-bit counter and provides LSTLL compatible 
tri-state output buffers. Operation is specified for a tem-
perature range from -40 to +100°C at clock frequencies 
up to 33MHz.
The HCTL-2032 and HCTL-2032-SC have dual-axis capa-
bility and index channel support. Both devices can be 
programmed as 4x/2x/1x count mode. The HCTL-2032 
and HCTL2032-SC also provides quadrature decoder out-
put signals and cascade signals for use with many stan-
dard computer ICs.
The HCTL-2022 has most of the HCTL-2032 features, but 
it can only supports single axis and fixed at 4x count 
mode. The HCTL-2022 doesn’t provide decoder output 
and cascade signals.
Features
• Interfaces Encoder to Microprocessor
• 33 MHz Clock Operation
• Programmable Count Modes (1x, 2x or 4x)
• Single or Dual Axis Support
• Index Channel Support
• High Noise Immunity:
• Schmitt Trigger Inputs and Digital Noise Filter
• 32-Bit Binary Up/Down Counter
• Latched Outputs
• 8-Bit Tristate Interface
• 8, 16, 24, or 32-Bit Operating Modes
• Quadrature Decoder Output Signals, Up/Down and 
Count
• Cascade Output Signals, Up/Down and Count
• Substantially Reduced System Software
• 5V Operation (VDD - VSS)
• TTL/CMOS Compatible I/O
• Operating Temperature: -40°C to 100°C
• 32-Pin PDIP, 32-Pin SOIC, 20-Pin PDIP
Applications
• Interface Quadrature Incremental Encoders to 
    Microprocessors
• Interface Digital Potentiometers to Digital Data Input 
Buses
ESD WARNING:  Standard CMOS handling precautions should be observed with the HCTL-2032 family ICs.
Devices
Part Number Description Package Drawing
HCTL-03 3-bit counter, dual axis, decoder and cascade outputs, index channel support,  
programmable count modes, and 33 Mhz clock operation.
A
HCTL-03-SC All features of HCTL-03. B
HCTL-0 Most of the HCTL-03 features. The device supports single axis, and no decoder out-
put and cascade signals. The programmable count mode is set to 4x internally.
C
PINOUT A PINOUT B PINOUT C
H
CT
L-
20
32
VDD
EN1
EN2
D0
CLK
SEL1
OE
U/DX
U/DY
D7
RSTY
RSTX
CHBY
CHBX
CHAX
CHAY
X/Y
D3
D2
D1
CNTDECX
CNTDECY
SEL2
CNTCASX
CNTCASY
TEST
D4
D5
D6
CHIY
VSS
CHIX
H
CT
L-
20
32
-S
C
VDD
EN1
EN2
D0
CLK
SEL1
OE
U/DX
U/DY
D7
RSTY
RSTX
CHBY
CHBX
CHAX
CHAY
X/Y
D3
D2
D1
CNTDECX
CNTDECY
SEL2
CNTCASX
CNTCASY
TEST
D4
D5
D6
CHIY
VSS
CHIX
H
CT
L-
20
22
VDD
D0
CLK
SEL1
OE
U/D
D7
RST
CHA
CHB
D3
D2
D1
SEL2
TEST
D4
D5
D6
INDEX
VSS
Package Dimensions (dimensions in inches)
1) HCTL - 2032
44) HCTL-2032 –SCT (Tape and Reel Version of HCTL-2032-SC)
Notes:
1. 10 Sprocket hole pitch cumulative tolerance 0.2
2. Camber in compliance with EIA 481
3. Pocket position relative to sprocket hole measured as true position of pocket, not pocket hole
4. All dimensions in mm 
Notes
1. Free Air
2. In general, for any VDD between the allowable limits (+4.5V to +5.5V), VIL = 0.3VDD and VIH = 0.7VDD;  
typical values are VOH = VDD -  0.5V and VOL = VSS + 0.2V
3. Including package capacitance
Operating Characteristics
Table 1. Absolute Maximum Ratings
(All voltages below are referenced to VSS)
Parameter Symbol Limits Units
DC Supply Voltage VDD -0.3 to +6.0 V
Input Voltage VIN -0.3 to 
(VDD +0.3) 
V
Storage Temperature TS -55 to +150 °C
Operating Temperature [1] TA -40 to +100 °C
Table 2. Recommended Operating Conditions
Parameter Symbol Limits Units
DC Supply Voltage VDD 4.5 to 5.5 V
Ambient Temperature [1] TA -40 to +100 °C
Table 3. DC Characteristics VDD = 5V ± 5%; TA = -40 to 100°C
Symbol Parameter Condition Min Typ Max Unit
VIL [2] Low-Level Input Voltage 1.5 V
VIH [2] High-Level Input Voltage 3.5 V
VT+ Schmitt-Trigger Positive-Going Threshold 3.5 4.0 V
VT- Schmitt-Trigger Negative-Going Thresh-
old
1.0 1.5 V
VH Schmitt-Trigger Hysteresis 1.0 2.0 V
IIN Input Current VIN=VSS or VDD -10 1 +10 µA
VOH [2] High-Level Output Voltage IOH = -3.75 mA 2.4 4.5 V
VOL [2] Low-Level Output Voltage IOL = +3.75mA 0.2 0.4 V
IOZ High-Z Output Leakage Current VO=VSS or VDD -10 1 +10 µA
IDD Quiescent Supply Current VIN=Vss or VDD 1 10 µA
CIN [3] Input Capacitance Any Input 5 pF
COUT [3] Output Capacitance Any Output 5 pF
Symbol
             Pin
Description
HCTL 
2032/ 
2032-SC
HCTL 
2022
VDD 1 1 Power Supply
VSS 18 12 Ground
CLK 5 3 CLK is a Schmitt-trigger input for the external clock signal.
CHAX 15 10 CHAX, CHAY, CHBX, and CHBY are Schmitt-trigger inputs that accept the outputs 
from a quadrature-encoded source, such as incremental optical shaft encoder. Two 
channels, A and B, nominally 90 degrees out of phase, are required. CHAX and CHBX 
are the 1st axis and CHAY and CHBY are the 2nd axis.
CHAY 16 NC
CHBX 14 9
CHBY 13 NC
CHIX 17 11 CHIX and CHIY are Schmitt-trigger inputs that accept the outputs of Index channel 
from an incremental optical shaft encoder.CHIY 19 NC
RSTNX 12 8 This active low Schmitt-trigger input clears the internal position counter and the 
position latch. It also resets the inhibit logic. RSTX/ and RSTY/ are asynchronous with 
respect to any other input signals. RSTX/ is to reset the 1st axis counter and RSTY/ is 
to reset the 2nd axis counter.
RSTNY 11 NC
OEN 7 5 This CMOS active low input enables the tri-state output buffers. The OE/, SEL1, and 
SEL2 inputs are sampled by the internal inhibit logic on the falling edge of the clock 
to control the loading of the internal position data latch.
SEL1 6 4 These CMOS inputs directly controls which data byte from the position latch is en-
abled into the 8-bit tri-state output buffer. As in OE/ above, SEL1 and SEL2 also con-
trol the internal inhibit logic.
 BYTE SELECTED  
SEL1 SEL2  MSB  2ND  3RD  LSB  
0 1 D4  
1 1 D3  
0 0 D2  
1 0 D1  
SEL2 26 17
EN1 2 NC These CMOS control pins are set to high or low to activate the selected count mode 
before the decoding begins.
  Count Modes  
EN1  EN2  4x  2x  1x  
0 0 Illegal Mode  
1 0 On    
0 1  On   
1 1   On  
 
EN2 3 NC
X/Y 32 NC Select the 1st or 2nd axis data to be read. Low bit enables the 1st axis data, while 
high bit enables the 2nd axis data.
CNTDECX 27 NC A pulse is presented on this LSTTL-compatible output when the quadrature decod-
er (4x/2x/1x) has detected a state transition. CNTDECX is for 1st axis and CNTDECY 
is for 2nd axis.
CNTDECY 28 NC
U/Dx 8 6 This LSTTL-compatible output allows the user to determine whether the IC is count-
ing up or down and is intended to be used with the CNTDEC and CNTCAS outputs. 
The proper signal U (high level) or D/ (low level) will be present before the rising 
edge of the CNTDEC and CNTCAS outputs.
U/Dy 9 NC
Functional Pin Description 
Table 4. Functional Pin Descriptions
CNTCASX 25 NC A pulse is presented on this LSTTL-compatible output when the HCTL-2032 / 2032-
SC internal counter overflows or underflows. The rising edge on this waveform may 
be used to trigger an external counter.CNTCASY 24 NC
TEST 23 16 This pin is used for internal testing. Tied it to ground or leave it floating for normal 
operation.
D0 4 2 These LSTTL-compatible tri-state outputs form an 8-bit output ports through which 
the contents of the 32-bit position latch may be read in 4 sequential bytes.  The MSB 
is read first followed by the rest of the bytes with the LSB is read last.
D1 31 20
D2 30 19
D3 29 18
D4 22 15
D  4
D 0 3
D 0 
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PCI 53B
Description
The PCI 53B provides a complete
single slot MIL-STD 1553B interface
for PCI bus computers. The 1553B
interface is a 1 Mbit per second serial
bus interface, used where reliability in
extreme environments is essential. After
initialization the application program
can configure the card as required.
The PCI 53B uses an onboard
SPARC processor and can be repro-
grammed for any 1553 protocol. The
PCI 53B supports the full 1553B
standard but may be configured to
detect any standard command or sub-
command as illegal.
Features
Supports minimum 4 microsecond intermessage gap and RT response 
Single PCI Bus slot 
Powerful real-time bus controller scheduling capabilities on board 
Simultaneously acts as single or multiple Remote Terminal, Bus Controller,
and Bus Monitor 
Supports all mode codes for dual redundant operation 
Error insertion and detection capabilities 
Extensive built-in test facility including continuous monitoring of
transmitted data 
Applications
Satellite communications
Telemetry
Robotics control
Avionics
Specifications
PCI Local Bus PCI Version PCI 2.1s
Compliance Data Width 32 bits
Number of Slots 1
Clock Rate 33 MHz or 66 MHz
Interface Primary and secondary 1553 interface King 1994-1-9 Triax connector
Controls User programmable register selects Direct or Transformer-coupled
Memory Flash ROM 512 KB
DRAM 16 MB
Power 3.3 or 5 V at 2 A, +12 V 0.05 A, -12 V 0.05 A
Physical Dimensions 7.0" x 4.2" x 0.5"
Weight 6 oz.
Environmental Temperature Operating: 10° to 40° C
Non-operating: -20° to 60° C
Humidity Operating: 20% to 80% non-condensing at 40° C
Non-operating: 95% non-condensing at 40° C
System Intel, AMD, SPARC, or PowerPC computer with 66 MHz PCI Bus or faster (will run in 33 MHz slot with reduced performance)
Requirements
Ordering
Ordering options are listed below. To order,
contact our sales department or your dis-
tributor. Be sure to specify which cable will
be needed (if any).
PCI 53B
Specify x86 or Sun
Contact
Engineering Design Team, Inc.
1100 NW Compton, Suite 306
Beaverton, Oregon 97006
800.435.4320 or 503.690.1234 [phone]
503.690.1243 [fax]
info@edt.com or www.edt.com
Software
Device Drivers for Solaris 2.7+ (Intel and
SPARC platform), Windows NT/XP/2000/-
2003, Red Hat Linux 9.0, Red Hat Enterprise
v3-v4, SuSE Linux 9.1-10, are included with
the board. Mac OS X and VxWorks drivers are
also available.
Support
EDT provides engineer-to-engineer customer
support, from phone consultation to custom
design of hardware, firmware, or software.
Technical support is also available through the
Technical Information section of our web site.
Technical Sales
United States
(866) 531-6285
info@ni.com
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FEATURES
l LOW OFFSET VOLTAGE: 50µV max
l LOW DRIFT: 0.5µV/°C max
l LOW INPUT BIAS CURRENT: 5nA max
l HIGH CMR: 110dB min
l INPUTS PROTECTED TO ±40V
l WIDE SUPPLY RANGE: ±1.35 to ±18V
l LOW QUIESCENT CURRENT: 350µA
l 8-PIN PLASTIC DIP, SO-8
DESCRIPTION
The INA118 is a low power, general purpose instru-
mentation amplifier offering excellent accuracy. Its
versatile 3-op amp design and small size make it ideal
for a wide range of applications. Current-feedback
input circuitry provides wide bandwidth even at high
gain (70kHz at G = 100).
A single external resistor sets any gain from 1 to 10,000.
Internal input protection can withstand up to ±40V
without damage.
The INA118 is laser trimmed for very low offset voltage
(50µV), drift (0.5µV/°C) and high common-mode re-
jection (110dB at G = 1000). It operates with power
supplies as low as ±1.35V, and quiescent current is only
350µA—ideal for battery operated systems.
The INA118 is available in 8-pin plastic DIP,
and SO-8 surface-mount packages, specified for
the –40°C to +85°C temperature range.
Precision, Low Power
INSTRUMENTATION AMPLIFIER
® INA118
APPLICATIONS
l BRIDGE AMPLIFIER
l THERMOCOUPLE AMPLIFIER
l RTD SENSOR AMPLIFIER
l MEDICAL INSTRUMENTATION
l DATA ACQUISITION
International Airport Industrial Park  •  Mailing Address: PO Box 11400, Tucson, AZ 85734  •  Street Address: 6730 S. Tucson Blvd., Tucson, AZ  85706  •  Tel: (520) 746-1111  •  Twx: 910-952-1111
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INPUT
Offset Voltage, RTI
Initial TA = +25°C ±10 ± 50/G ±50 ± 500/G ±25 ±100/G ±125±1000/G µV
vs Temperature TA = TMIN to TMAX ±0.2 ± 2/G ±0.5 ± 20/G ±0.2 ± 5/G ±1 ± 20/G µV/°C
vs Power Supply VS = ±1.35V to ±18V ±1 ±10/G ±5 ± 100/G [ ±10 ±100/G µV/V
Long-Term Stability ±0.4 ±5/G [ µV/mo
Impedance, Differential 1010 || 1 [ Ω || pF
Common-Mode 1010 || 4 [ Ω || pF
Linear Input Voltage Range (V+) – 1 (V+) – 0.65 [ [ V
(V–) + 1.1 (V–)
 
+ 0.95 [ [ V
Safe Input Voltage ±40 [ V
Common-Mode Rejection VCM = ±10V, ∆RS = 1kΩ
G = 1 80 90 73 [ dB
G = 10 97 110 89 [ dB
G = 100 107 120 98 [ dB
G = 1000 110 125 100 [ dB
BIAS CURRENT ±1 ±5 [ ±10 nA
vs Temperature ±40 [ pA/°C
OFFSET CURRENT ±1 ±5 [ ±10 nA
vs Temperature ±40 [ pA/°C
NOISE VOLTAGE, RTI G = 1000, RS = 0Ω
f = 10Hz 11 [ nV/√Hz
f = 100Hz 10 [ nV/√Hz
f = 1kHz 10 [ nV/√Hz
fB = 0.1Hz to 10Hz 0.28 [ µVp-p
Noise Current
f=10Hz 2.0 [ pA/√Hz
f=1kHz 0.3 [ pA/√Hz
fB = 0.1Hz to 10Hz 80 [ pAp-p
GAIN
Gain Equation 1 + (50kΩ/RG) [ V/V
Range of Gain 1 10000 [ [ V/V
Gain Error G = 1 ±0.01 ±0.024 [ ±0.1 %
G = 10 ±0.02 ±0.4 [ ±0.5 %
G = 100 ±0.05 ±0.5 [ ±0.7 %
G = 1000 ±0.5 ±1 [ ±2 %
Gain vs Temperature G = 1 ±1 ±10 [ ±10 ppm/°C
50kΩ Resistance(1) ±25 ±100 [ [ ppm/°C
Nonlinearity G = 1 ±0.0003 ±0.001 [ ±0.002 % of FSR
G = 10 ±0.0005 ±0.002 [ ±0.004 % of FSR
G = 100 ±0.0005 ±0.002 [ ±0.004 % of FSR
G = 1000 ±0.002 ±0.01 [ ±0.02 % of FSR
OUTPUT
Voltage: Positive RL = 10kΩ (V+) – 1 (V+) – 0.8 [ [ V
Negative RL = 10kΩ (V–) + 0.35 (V–) + 0.2 [ [ V
Single Supply High VS = +2.7V/0V(2), RL = 10kΩ 1.8 2.0 [ [ V
Single Supply Low VS = +2.7V/0V(2), RL = 10kΩ 60 35 [ [ mV
Load Capacitance Stability 1000 [ pF
Short Circuit Current +5/–12 [ mA
FREQUENCY RESPONSE
Bandwidth, –3dB G = 1 800 [ kHz
G = 10 500 [ kHz
G = 100 70 [ kHz
G = 1000 7 [ kHz
Slew Rate VO = ±10V, G = 10 0.9 [ V/µs
Settling Time,    0.01% G = 1 15 [ µs
G = 10 15 [ µs
G = 100 21 [ µs
G = 1000 210 [ µs
Overload Recovery 50% Overdrive 20 [ µs
POWER SUPPLY
Voltage Range ±1.35 ±15 ±18 [ [ [ V
Current VIN = 0V ±350 ±385 [ [ µA
TEMPERATURE RANGE
Specification –40 85 [ [ °C
Operating –40 125 [ [ °C
θJA 80 [ °C/W
INA118PB, UB INA118P, U
PARAMETER CONDITIONS MIN TYP MAX MIN TYP MAX UNITS
SPECIFICATIONS
ELECTRICAL
At TA = +25°C, VS = ±15V, RL = 10kΩ unless otherwise noted.
[  Specification same as INA118PB, UB.
NOTE: (1) Temperature coefficient of the “50kΩ” term in the gain equation. (2) Common-mode input voltage range is limited. See text for discussion of low power supply
and single power supply operation.
3
®
INA118
PIN CONFIGURATION
8-Pin DIP and SO-8
ELECTROSTATIC
DISCHARGE SENSITIVITY
This integrated circuit can be damaged by ESD. Burr-Brown
recommends that all integrated circuits be handled with
appropriate precautions. Failure to observe proper handling
and installation procedures can cause damage.
ESD damage can range from subtle performance degradation
to complete device failure. Precision integrated circuits may
be more susceptible to damage because very small parametric
changes could cause the device not to meet its published
specifications.
ORDERING INFORMATION
PACKAGE
DRAWING TEMPERATURE
PRODUCT PACKAGE NUMBER(1) RANGE
INA118P 8-Pin Plastic DIP 006 –40°C to +85°C
INA118PB 8-Pin Plastic DIP 006 –40°C to +85°C
INA118U SO-8 Surface-Mount 182 –40°C to +85°C
INA118UB SO-8 Surface-Mount 182 –40°C to +85°C
NOTE: (1) For detailed drawing and dimension table, please see end of data
sheet, or Appendix C of Burr-Brown IC Data Book.
Supply Voltage .................................................................................. ±18V
Analog Input Voltage Range ............................................................. ±40V
Output Short-Circuit (to ground) .............................................. Continuous
Operating Temperature .................................................. –40°C to +125°C
Storage Temperature ..................................................... –40°C to +125°C
Junction Temperature .................................................................... +150°C
Lead Temperature (soldering, 10s) ............................................... +300°C
ABSOLUTE MAXIMUM RATINGS
The information provided herein is believed to be reliable; however, BURR-BROWN assumes no responsibility for inaccuracies or omissions. BURR-BROWN assumes
no responsibility for the use of this information, and all use of such information shall be entirely at the user’s own risk. Prices and specifications are subject to change
without notice. No patent rights or licenses to any of the circuits described herein are implied or granted to any third party. BURR-BROWN does not authorize or warrant
any BURR-BROWN product for use in life support devices and/or systems.
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Top View
F-51
 Low Profile
 High Accuracy
 Rugged Industrial Design
The LC703 Series comprises
economical universal (tension/
compression) load cells with a low
profile. Ranges above 100 lb are
stainless steel; ranges below 100 lb
are aluminum. The low profile and
rugged design make LC703s
suitable for many industrial
applications, including robotics,
automated weighing systems, and
batch-process control systems.
LC703 Series
Tension/Compression
Calibrated in Tension
10 lb to 1000 lb
4.5 kg to 455 kg
1 Newton = 0.2248 lb
1 daNewton = 10 Newtons
1 lb = 454 g
1 t = 1000 kg = 2204 lb
Dimensions: mm (in)
Capacity (lb) L (Max) L1 W W1 H Thread
10 38 (1.50) 14 (0.56) 14 (0.54) 9.5 (0.38) 19 (0.75) 10-32 x 0.20
25 to 100 41 (1.62) 14 (0.56) 17 (0.66) 13 (0.50) 19 (0.75) 1⁄4-28 x 0.23
150 to 1K 44 (1.75) 14 (0.56) 24 (0.93) 19 (0.75) 25 (1.0) 3⁄8-24 x 0.38
SPECIFICATIONS
Excitation: 10 Vdc (15 V max)
Output: 2 mV/V nominal
5-Point Calibration:
0%, 50%, 100%, 50%, 0%
Linearity: 
10 to 100 lb: ±0.15%
>100 lb: ±0.10 FSO
Hysteresis: 
10 to 100 lb: ±0.15%
>100 lb: ±0.10 FSO
Repeatability: ±0.05%
Zero Balance: ±1.0% FSO
Operating Temp Range: 
-40 to 82°C (-40 to 180°F)
Compensated Temp Range:  
16 to 71°C (60 to 160°F)
Thermal Effects:
Zero: ±0.005% FSO/°F
Span: ±0.005%% FSO/°F
Protection Class: IP54
Safe Overload: 150% of capacity
Ultimate Overload: 300% of capacity
Output Resistance:  350 ±10 
Input Resistance:  360  minimum
Full Scale Deflection: 0.003" nominal
Comes with 5-point NIST-traceable calibration.
* See section D for compatible meters. DPiS meter suitable for one direction measurement only.
Ordering Examples: LC703-200, 200 lb capacity universal link with 3.6 m (12') cable, $295.
LC703-500, 500 lb capacity tension link with 3.6 m (12') cable, $395.
Construction:
100 lb: Aluminum
>100 lb: 17-4 PH stainless steel 
Electrical: 3.6 m (12') shielded 
4-conductor PVC cable
MINIATURE LOW-PROFILE TENSION LINKS
LOW PROFILE 0.75 TO 1" HEIGHT
W
W1
3.6 m (12') 4-
CONDUCTOR
SHIELDED
CABLE
L
L1
H
Wire Connection
GN +Output
WT -Output
BK -Input
RD +Input
LC703-100, $295, shown
larger than actual size.
To Order (Specify Model Number)
CAPACITY 
lb kg MODEL NO. PRICE COMPATIBLE METERS*
10 4.5 LC703-10 $295 DPiS, DP41-S, DP25B-S
25 11 LC703-25 295 DPiS, DP41-S, DP25B-S
50 23 LC703-50 295 DPiS, DP41-S, DP25B-S
75 34 LC703-75 295 DPiS, DP41-S, DP25B-S
100 45 LC703-100 295 DPiS, DP41-S, DP25B-S
150 68 LC703-150 295 DPiS, DP41-S, DP25B-S
200 91 LC703-200 295 DPiS, DP41-S, DP25B-S
300 136 LC703-300 295 DPiS, DP41-S, DP25B-S
500 227 LC703-500 395 DPiS, DP41-S, DP25B-S
750 341 LC703-750 395 DPiS, DP41-S, DP25B-S
1000 455 LC703-1K 395 DPiS, DP41-S, DP25B-S
MODEL NO. PRICE DESCRIPTION
REC-010M $10 10-32 male rod end
REC-014M 25 1⁄4-28 male rod end
REC-038M 25 3⁄8-24 male rod end
OP-17 15 Reference Book: Measure for Measure
ACCESSORIES
Starts at
$295
MOST POPULAR MODELS HIGHLIGHTED!
The Endevco® model 7253C-10 is an extremely small, 
triaxial piezoelectric accelerometer with integral 
electronics, designed specifically for measuring vibration 
in three orthogonal axes on mini-structures and small 
objects. This accelerometer offers a high resonance 
frequency and wide bandwidth and its light weight (3.6 
gm) practically eliminates mass loading effects. A factory 
replaceable miniature cable assembly and an extension 
cable with 3 BNC output connectors are included. Model 
7253C features both adhesive and bolt down capabilities.
Model 7253C features Endevco’s Piezite® type P-8 crystal 
elements, operating in annular shear mode, which exhibits 
excellent output sensitivity stability over time. Each axis of 
the accelerometer incorporates a low noise internal hybrid 
signal conditioner in a two-wire system, which transmits 
its low impedance voltage output through the same cable 
that supplies the constant current power. Signal ground is 
isolated from the mounting surface.
Endevco signal conditioner models 4416B, 133, 2792B, 2775A, 2793 or Oasis 2000 
computer-controlled system are recommended for use with this accelerometer.
• NEW! 7253C-10-R available as replacement sensor
• Low impedance output
• Triaxial, low profile
• Replaceable cable assembly
• Light weight (3.6 gm)
• Wide bandwidth,outstanding S/N
• Adhesive or bolt mounting
• BNC output connectors
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Model 7253C-10
Isotron® accelerometer
Features Description
cmyk
APPLIES TO CALIFORNIA FACILITY
Model 7253C-10
Isotron® accelerometer
Specifications
The following performance specifications conform to ISA-RP-37.2 (1964) and are typical values, referenced at +75˚F (+24˚C), 4 mA and 100 Hz, 
unless otherwise noted. Calibration data, traceable to National Institute of Standards and Technology (NIST), is supplied
Dynamic characteristics   Units    
Range     g    ±500
Voltage sensitivity    mV/g    10   
     ±5%     
Frequency response        See typical amplitude response  
Resonance frequency    kHz    80
Amplitude response    
     ±1 dB     Hz    2 to 500 g
Temperature response        See typical curve
Transverse sensitivity    %     ≤5
Amplitude linearity    %    1 to 500 g
Output characteristics 
Output polarity        Acceleration applied in the direction of the 
         arrow on the unit produces positive output 
DC output bias    Vdc    +8.5 to +11.5
Output impedance    Ω    ≤100
Residual noise    equiv. g rms   0.002
     2 Hz to 25 kHz, broadband
Grounding         Signal ground connected to case but
         isolated from mounting surface
Power requirement 
Supply voltage    Vdc    +18 to +24
Supply current    mA    +2 to +10
Full scale output voltage   V    ±5
Warm up time    sec    <3
     to within 10% of final bias    
Environmental characteristics
Temperature range        -67˚F to +257˚F (-55˚C to +125˚C)
Humidity         Epoxy sealed, non-hermetic
Sinusoidal vibration limit   g pk    1000
Shock limit     g pk    2000
Base strain sensitivity    equiv. g pk/μ strain   0.001
Thermal transient sensitivity   equiv. g pk/˚F (/˚C)   0.001 (0.0018)   
Electromagnetic sensitivity   equiv. g rms/guass   0.005 
Physical characteristics 
Dimensions        See outline drawing
Weight, without cable    gm (oz)    3.6 (0.13)
Case material        Anodized aluminum alloy case
Connector         4-pin, Microtech
Mounting torque    lbf-in (Nm)    8 (0.9)
Calibration
Supplied       
Sensitivity     mV/g
Maximum transverse sensitivity   %
Frequency response    %    20 Hz to 15 kHz
     dB    15 kHz to 50 kHz
Accessories
Notes: 
1. Depending on the dynamic and environmental requirements, adhesives such as 
     petro-wax, hot-melt glue, and cyanoacrylate epoxy (super glue) may be used to mount
     the accelerometer temporarily to the test structure. An adhesive mounting kit 
     (P/N 31849) is available as an option from Endevco.
2. Maintain high levels of precision and accuracy using Endevco’s factory calibration 
     services. Call Endevco’s inside sales force at 800-982-6732 for recommended 
     intervals, pricing and turn-around time for these services as well as for quotations 
     on our standard products.
Continued product improvement necessitates that Endevco reserve the right to modify these specifications without notice. Endevco maintains a program of constant 
surveillance over all products to ensure a high level of reliability.  This program includes attention to reliability factors during product design, the support of stringent Quality 
Control requirements, and compulsory corrective action procedures. These measures, together with conservative specifications have made the name Endevco synonymous 
with reliability.
©ENDEVCO CORPORATION. ALL RIGHTS RESERVED 30700 RANCHO VIEJO ROAD, SAN JUAN CAPISTRANO, CA92675 USA
(800) 982-6732 • (949) 493-8181 fax (949) 661-7231 • www.endevco.com • Email: applications@endevco.com      1006
Product Description   7253C-10   7253C-10-R
3027AM3-120 Extension cable, 3 BNC’s  Included    Optional
32622  Removal tool   Optional    Optional
32279  Petro wax    Optional    Optional
EH102  Mounting screw   Included    Included
34549  Washer (2)   Included    Included
EHM464  Hex wrench   Included    Optional
EW403  Harness tie   Included    Included
Constant
Current
Source
+ Voltage Supply
Decoupling
Capacitor Unbiased
Output
ISOTRON
(each channel)
Biased
Output
Model 133 3-channel
signal conditioners
cmyk
TYPE
Reference
Tables
N.I.S.T.
Monograph 175
Revised to
ITS-90
Z-204
Z
Revised Thermocouple
Reference Tables
-260 -6.458 -6.457 -6.456 -6.455 -6.453 -6.452 -6.450 -6.448 -6.446 -6.444 -6.441 -260
-250 -6.441 -6.438 -6.435 -6.432 -6.429 -6.425 -6.421 -6.417 -6.413 -6.408 -6.404 -250
-240 -6.404 -6.399 -6.393 -6.388 -6.382 -6.377 -6.370 -6.364 -6.358 -6.351 -6.344 -240
-230 -6.344 -6.337 -6.329 -6.322 -6.314 -6.306 -6.297 -6.289 -6.280 -6.271 -6.262 -230
-220 -6.262 -6.252 -6.243 -6.233 -6.223 -6.213 -6.202 -6.192 -6.181 -6.170 -6.158 -220
-210 -6.158 -6.147 -6.135 -6.123 -6.111 -6.099 -6.087 -6.074 -6.061 -6.048 -6.035 -210
-200 -6.035 -6.021 -6.007 -5.994 -5.980 -5.965 -5.951 -5.936 -5.922 -5.907 -5.891 -200
-190 -5.891 -5.876 -5.861 -5.845 -5.829 -5.813 -5.797 -5.780 -5.763 -5.747 -5.730 -190
-180 -5.730 -5.713 -5.695 -5.678 -5.660 -5.642 -5.624 -5.606 -5.588 -5.569 -5.550 -180
-170 -5.550 -5.531 -5.512 -5.493 -5.474 -5.454 -5.435 -5.415 -5.395 -5.374 -5.354 -170
-160 -5.354 -5.333 -5.313 -5.292 -5.271 -5.250 -5.228 -5.207 -5.185 -5.163 -5.141 -160
-150 -5.141 -5.119 -5.097 -5.074 -5.052 -5.029 -5.006 -4.983 -4.960 -4.936 -4.913 -150
-140 -4.913 -4.889 -4.865 -4.841 -4.817 -4.793 -4.768 -4.744 -4.719 -4.694 -4.669 -140
-130 -4.669 -4.644 -4.618 -4.593 -4.567 -4.542 -4.516 -4.490 -4.463 -4.437 -4.411 -130
-120 -4.411 -4.384 -4.357 -4.330 -4.303 -4.276 -4.249 -4.221 -4.194 -4.166 -4.138 -120
-110 -4.138 -4.110 -4.082 -4.054 -4.025 -3.997 -3.968 -3.939 -3.911 -3.882 -3.852 -110
-100 -3.852 -3.823 -3.794 -3.764 -3.734 -3.705 -3.675 -3.645 -3.614 -3.584 -3.554 -100
-90 -3.554 -3.523 -3.492 -3.462 -3.431 -3.400 -3.368 -3.337 -3.306 -3.274 -3.243 -90
-80 -3.243 -3.211 -3.179 -3.147 -3.115 -3.083 -3.050 -3.018 -2.986 -2.953 -2.920 -80
-70 -2.920 -2.887 -2.854 -2.821 -2.788 -2.755 -2.721 -2.688 -2.654 -2.620 -2.587 -70
-60 -2.587 -2.553 -2.519 -2.485 -2.450 -2.416 -2.382 -2.347 -2.312 -2.278 -2.243 -60
-50 -2.243 -2.208 -2.173 -2.138 -2.103 -2.067 -2.032 -1.996 -1.961 -1.925 -1.889 -50
-40 -1.889 -1.854 -1.818 -1.782 -1.745 -1.709 -1.673 -1.637 -1.600 -1.564 -1.527 -40
-30 -1.527 -1.490 -1.453 -1.417 -1.380 -1.343 -1.305 -1.268 -1.231 -1.194 -1.156 -30
-20 -1.156 -1.119 -1.081 -1.043 -1.006 -0.968 -0.930 -0.892 -0.854 -0.816 -0.778 -20
-10 -0.778 -0.739 -0.701 -0.663 -0.624 -0.586 -0.547 -0.508 -0.470 -0.431 -0.392 -10
0 -0.392 -0.353 -0.314 -0.275 -0.236 -0.197 -0.157 -0.118 -0.079 -0.039 0.000 0
0 0.000 0.039 0.079 0.119 0.158 0.198 0.238 0.277 0.317 0.357 0.397 0
10 0.397 0.437 0.477 0.517 0.557 0.597 0.637 0.677 0.718 0.758 0.798 10
20 0.798 0.838 0.879 0.919 0.960 1.000 1.041 1.081 1.122 1.163 1.203 20
30 1.203 1.244 1.285 1.326 1.366 1.407 1.448 1.489 1.530 1.571 1.612 30
40 1.612 1.653 1.694 1.735 1.776 1.817 1.858 1.899 1.941 1.982 2.023 40
50 2.023 2.064 2.106 2.147 2.188 2.230 2.271 2.312 2.354 2.395 2.436 50
60 2.436 2.478 2.519 2.561 2.602 2.644 2.685 2.727 2.768 2.810 2.851 60
70 2.851 2.893 2.934 2.976 3.017 3.059 3.100 3.142 3.184 3.225 3.267 70
80 3.267 3.308 3.350 3.391 3.433 3.474 3.516 3.557 3.599 3.640 3.682 80
90 3.682 3.723 3.765 3.806 3.848 3.889 3.931 3.972 4.013 4.055 4.096 90
100 4.096 4.138 4.179 4.220 4.262 4.303 4.344 4.385 4.427 4.468 4.509 100
110 4.509 4.550 4.591 4.633 4.674 4.715 4.756 4.797 4.838 4.879 4.920 110
120 4.920 4.961 5.002 5.043 5.084 5.124 5.165 5.206 5.247 5.288 5.328 120
130 5.328 5.369 5.410 5.450 5.491 5.532 5.572 5.613 5.653 5.694 5.735 130
140 5.735 5.775 5.815 5.856 5.896 5.937 5.977 6.017 6.058 6.098 6.138 140
150 6.138 6.179 6.219 6.259 6.299 6.339 6.380 6.420 6.460 6.500 6.540 150
160 6.540 6.580 6.620 6.660 6.701 6.741 6.781 6.821 6.861 6.901 6.941 160
170 6.941 6.981 7.021 7.060 7.100 7.140 7.180 7.220 7.260 7.300 7.340 170
180 7.340 7.380 7.420 7.460 7.500 7.540 7.579 7.619 7.659 7.699 7.739 180
190 7.739 7.779 7.819 7.859 7.899 7.939 7.979 8.019 8.059 8.099 8.138 190
200 8.138 8.178 8.218 8.258 8.298 8.338 8.378 8.418 8.458 8.499 8.539 200
210 8.539 8.579 8.619 8.659 8.699 8.739 8.779 8.819 8.860 8.900 8.940 210
220 8.940 8.980 9.020 9.061 9.101 9.141 9.181 9.222 9.262 9.302 9.343 220
230 9.343 9.383 9.423 9.464 9.504 9.545 9.585 9.626 9.666 9.707 9.747 230
240 9.747 9.788 9.828 9.869 9.909 9.950 9.991 10.031 10.072 10.113 10.153 240
250 10.153 10.194 10.235 10.276 10.316 10.357 10.398 10.439 10.480 10.520 10.561 250
260 10.561 10.602 10.643 10.684 10.725 10.766 10.807 10.848 10.889 10.930 10.971 260
270 10.971 11.012 11.053 11.094 11.135 11.176 11.217 11.259 11.300 11.341 11.382 270
280 11.382 11.423 11.465 11.506 11.547 11.588 11.630 11.671 11.712 11.753 11.795 280
290 11.795 11.836 11.877 11.919 11.960 12.001 12.043 12.084 12.126 12.167 12.209 290
300 12.209 12.250 12.291 12.333 12.374 12.416 12.457 12.499 12.540 12.582 12.624 300
310 12.624 12.665 12.707 12.748 12.790 12.831 12.873 12.915 12.956 12.998 13.040 310
320 13.040 13.081 13.123 13.165 13.206 13.248 13.290 13.331 13.373 13.415 13.457 320
330 13.457 13.498 13.540 13.582 13.624 13.665 13.707 13.749 13.791 13.833 13.874 330
340 13.874 13.916 13.958 14.000 14.042 14.084 14.126 14.167 14.209 14.251 14.293 340
350 14.293 14.335 14.377 14.419 14.461 14.503 14.545 14.587 14.629 14.671 14.713 350
360 14.713 14.755 14.797 14.839 14.881 14.923 14.965 15.007 15.049 15.091 15.133 360
370 15.133 15.175 15.217 15.259 15.301 15.343 15.385 15.427 15.469 15.511 15.554 370
380 15.554 15.596 15.638 15.680 15.722 15.764 15.806 15.849 15.891 15.933 15.975 380
390 15.975 16.017 16.059 16.102 16.144 16.186 16.228 16.270 16.313 16.355 16.397 390
400 16.397 16.439 16.482 16.524 16.566 16.608 16.651 16.693 16.735 16.778 16.820 400
410 16.820 16.862 16.904 16.947 16.989 17.031 17.074 17.116 17.158 17.201 17.243 410
420 17.243 17.285 17.328 17.370 17.413 17.455 17.497 17.540 17.582 17.624 17.667 420
430 17.667 17.709 17.752 17.794 17.837 17.879 17.921 17.964 18.006 18.049 18.091 430
440 18.091 18.134 18.176 18.218 18.261 18.303 18.346 18.388 18.431 18.473 18.516 440
450 18.516 18.558 18.601 18.643 18.686 18.728 18.771 18.813 18.856 18.898 18.941 450
460 18.941 18.983 19.026 19.068 19.111 19.154 19.196 19.239 19.281 19.324 19.366 460
470 19.366 19.409 19.451 19.494 19.537 19.579 19.622 19.664 19.707 19.750 19.792 470
480 19.792 19.835 19.877 19.920 19.962 20.005 20.048 20.090 20.133 20.175 20.218 480
490 20.218 20.261 20.303 20.346 20.389 20.431 20.474 20.516 20.559 20.602 20.644 490
500 20.644 20.687 20.730 20.772 20.815 20.857 20.900 20.943 20.985 21.028 21.071 500
510 21.071 21.113 21.156 21.199 21.241 21.284 21.326 21.369 21.412 21.454 21.497 510
520 21.497 21.540 21.582 21.625 21.668 21.710 21.753 21.796 21.838 21.881 21.924 520
530 21.924 21.966 22.009 22.052 22.094 22.137 22.179 22.222 22.265 22.307 22.350 530
540 22.350 22.393 22.435 22.478 22.521 22.563 22.606 22.649 22.691 22.734 22.776 540
550 22.776 22.819 22.862 22.904 22.947 22.990 23.032 23.075 23.117 23.160 23.203 550
560 23.203 23.245 23.288 23.331 23.373 23.416 23.458 23.501 23.544 23.586 23.629 560
570 23.629 23.671 23.714 23.757 23.799 23.842 23.884 23.927 23.970 24.012 24.055 570
580 24.055 24.097 24.140 24.182 24.225 24.267 24.310 24.353 24.395 24.438 24.480 580
590 24.480 24.523 24.565 24.608 24.650 24.693 24.735 24.778 24.820 24.863 24.905 590
600 24.905 24.948 24.990 25.033 25.075 25.118 25.160 25.203 25.245 25.288 25.330 600
610 25.330 25.373 25.415 25.458 25.500 25.543 25.585 25.627 25.670 25.712 25.755 610
620 25.755 25.797 25.840 25.882 25.924 25.967 26.009 26.052 26.094 26.136 26.179 620
630 26.179 26.221 26.263 26.306 26.348 26.390 26.433 26.475 26.517 26.560 26.602 630
640 26.602 26.644 26.687 26.729 26.771 26.814 26.856 26.898 26.940 26.983 27.025 640
650 27.025 27.067 27.109 27.152 27.194 27.236 27.278 27.320 27.363 27.405 27.447 650
660 27.447 27.489 27.531 27.574 27.616 27.658 27.700 27.742 27.784 27.826 27.869 660
670 27.869 27.911 27.953 27.995 28.037 28.079 28.121 28.163 28.205 28.247 28.289 670
680 28.289 28.332 28.374 28.416 28.458 28.500 28.542 28.584 28.626 28.668 28.710 680
690 28.710 28.752 28.794 28.835 28.877 28.919 28.961 29.003 29.045 29.087 29.129 690
700 29.129 29.171 29.213 29.255 29.297 29.338 29.380 29.422 29.464 29.506 29.548 700
710 29.548 29.589 29.631 29.673 29.715 29.757 29.798 29.840 29.882 29.924 29.965 710
720 29.965 30.007 30.049 30.090 30.132 30.174 30.216 30.257 30.299 30.341 30.382 720
730 30.382 30.424 30.466 30.507 30.549 30.590 30.632 30.674 30.715 30.757 30.798 730
740 30.798 30.840 30.881 30.923 30.964 31.006 31.047 31.089 31.130 31.172 31.213 740
750 31.213 31.255 31.296 31.338 31.379 31.421 31.462 31.504 31.545 31.586 31.628 750
760 31.628 31.669 31.710 31.752 31.793 31.834 31.876 31.917 31.958 32.000 32.041 760
770 32.041 32.082 32.124 32.165 32.206 32.247 32.289 32.330 32.371 32.412 32.453 770
780 32.453 32.495 32.536 32.577 32.618 32.659 32.700 32.742 32.783 32.824 32.865 780
790 32.865 32.906 32.947 32.988 33.029 33.070 33.111 33.152 33.193 33.234 33.275 790
MAXIMUM TEMPERATURE RANGE
Thermocouple Grade
– 328 to 2282°F
– 200 to 1250°C
Extension Grade
32 to 392°F
0 to 200°C
LIMITS OF ERROR
(whichever is greater)
Standard: 2.2°C or 0.75% Above 0°C
2.2°C or 2.0% Below 0°C
Special: 1.1°C or 0.4%
COMMENTS, BARE WIRE ENVIRONMENT:
Clean Oxidizing and Inert; Limited Use in
Vacuum or Reducing; Wide Temperature
Range; Most Popular Calibration
TEMPERATURE IN DEGREES °C
REFERENCE JUNCTION AT 0°C K
°C -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 °C °C 0 1 2 3 4 5 6 7 8 9 10 °C
Thermocouple
Grade
Nickel-Chromium
vs.
Nickel-Aluminum
Extension
Grade
+
–
+
–
Thermoelectric Voltage in Millivolts
°C 0 1 2 3 4 5 6 7 8 9 10 °C °C 0 1 2 3 4 5 6 7 8 9 10 °C
Thermoelectric Voltage in Millivolts
Z-205
Revised Thermocouple
Reference Tables
°C 0 1 2 3 4 5 6 7 8 9 10 °C °C 0 1 2 3 4 5 6 7 8 9 10 °C
°C 0 1 2 3 4 5 6 7 8 9 10 °C °C 0 1 2 3 4 5 6 7 8 9 10 °C
800 33.275 33.316 33.357 33.398 33.439 33.480 33.521 33.562 33.603 33.644 33.685 800
810 33.685 33.726 33.767 33.808 33.848 33.889 33.930 33.971 34.012 34.053 34.093 810
820 34.093 34.134 34.175 34.216 34.257 34.297 34.338 34.379 34.420 34.460 34.501 820
830 34.501 34.542 34.582 34.623 34.664 34.704 34.745 34.786 34.826 34.867 34.908 830
840 34.908 34.948 34.989 35.029 35.070 35.110 35.151 35.192 35.232 35.273 35.313 840
850 35.313 35.354 35.394 35.435 35.475 35.516 35.556 35.596 35.637 35.677 35.718 850
860 35.718 35.758 35.798 35.839 35.879 35.920 35.960 36.000 36.041 36.081 36.121 860
870 36.121 36.162 36.202 36.242 36.282 36.323 36.363 36.403 36.443 36.484 36.524 870
880 36.524 36.564 36.604 36.644 36.685 36.725 36.765 36.805 36.845 36.885 36.925 880
890 36.925 36.965 37.006 37.046 37.086 37.126 37.166 37.206 37.246 37.286 37.326 890
900 37.326 37.366 37.406 37.446 37.486 37.526 37.566 37.606 37.646 37.686 37.725 900
910 37.725 37.765 37.805 37.845 37.885 37.925 37.965 38.005 38.044 38.084 38.124 910
920 38.124 38.164 38.204 38.243 38.283 38.323 38.363 38.402 38.442 38.482 38.522 920
930 38.522 38.561 38.601 38.641 38.680 38.720 38.760 38.799 38.839 38.878 38.918 930
940 38.918 38.958 38.997 39.037 39.076 39.116 39.155 39.195 39.235 39.274 39.314 940
950 39.314 39.353 39.393 39.432 39.471 39.511 39.550 39.590 39.629 39.669 39.708 950
960 39.708 39.747 39.787 39.826 39.866 39.905 39.944 39.984 40.023 40.062 40.101 960
970 40.101 40.141 40.180 40.219 40.259 40.298 40.337 40.376 40.415 40.455 40.494 970
980 40.494 40.533 40.572 40.611 40.651 40.690 40.729 40.768 40.807 40.846 40.885 980
990 40.885 40.924 40.963 41.002 41.042 41.081 41.120 41.159 41.198 41.237 41.276 990
1000 41.276 41.315 41.354 41.393 41.431 41.470 41.509 41.548 41.587 41.626 41.665 1000
1010 41.665 41.704 41.743 41.781 41.820 41.859 41.898 41.937 41.976 42.014 42.053 1010
1020 42.053 42.092 42.131 42.169 42.208 42.247 42.286 42.324 42.363 42.402 42.440 1020
1030 42.440 42.479 42.518 42.556 42.595 42.633 42.672 42.711 42.749 42.788 42.826 1030
1040 42.826 42.865 42.903 42.942 42.980 43.019 43.057 43.096 43.134 43.173 43.211 1040
1050 43.211 43.250 43.288 43.327 43.365 43.403 43.442 43.480 43.518 43.557 43.595 1050
1060 43.595 43.633 43.672 43.710 43.748 43.787 43.825 43.863 43.901 43.940 43.978 1060
1070 43.978 44.016 44.054 44.092 44.130 44.169 44.207 44.245 44.283 44.321 44.359 1070
1080 44.359 44.397 44.435 44.473 44.512 44.550 44.588 44.626 44.664 44.702 44.740 1080
1090 44.740 44.778 44.816 44.853 44.891 44.929 44.967 45.005 45.043 45.081 45.119 1090
1100 45.119 45.157 45.194 45.232 45.270 45.308 45.346 45.383 45.421 45.459 45.497 1100
1110 45.497 45.534 45.572 45.610 45.647 45.685 45.723 45.760 45.798 45.836 45.873 1110
1120 45.873 45.911 45.948 45.986 46.024 46.061 46.099 46.136 46.174 46.211 46.249 1120
1130 46.249 46.286 46.324 46.361 46.398 46.436 46.473 46.511 46.548 46.585 46.623 1130
1140 46.623 46.660 46.697 46.735 46.772 46.809 46.847 46.884 46.921 46.958 46.995 1140
1150 46.995 47.033 47.070 47.107 47.144 47.181 47.218 47.256 47.293 47.330 47.367 1150
1160 47.367 47.404 47.441 47.478 47.515 47.552 47.589 47.626 47.663 47.700 47.737 1160
1170 47.737 47.774 47.811 47.848 47.884 47.921 47.958 47.995 48.032 48.069 48.105 1170
1180 48.105 48.142 48.179 48.216 48.252 48.289 48.326 48.363 48.399 48.436 48.473 1180
1190 48.473 48.509 48.546 48.582 48.619 48.656 48.692 48.729 48.765 48.802 48.838 1190
1200 48.838 48.875 48.911 48.948 48.984 49.021 49.057 49.093 49.130 49.166 49.202 1200
1210 49.202 49.239 49.275 49.311 49.348 49.384 49.420 49.456 49.493 49.529 49.565 1210
1220 49.565 49.601 49.637 49.674 49.710 49.746 49.782 49.818 49.854 49.890 49.926 1220
1230 49.926 49.962 49.998 50.034 50.070 50.106 50.142 50.178 50.214 50.250 50.286 1230
1240 50.286 50.322 50.358 50.393 50.429 50.465 50.501 50.537 50.572 50.608 50.644 1240
1250 50.644 50.680 50.715 50.751 50.787 50.822 50.858 50.894 50.929 50.965 51.000 1250
1260 51.000 51.036 51.071 51.107 51.142 51.178 51.213 51.249 51.284 51.320 51.355 1260
1270 51.355 51.391 51.426 51.461 51.497 51.532 51.567 51.603 51.638 51.673 51.708 1270
1280 51.708 51.744 51.779 51.814 51.849 51.885 51.920 51.955 51.990 52.025 52.060 1280
1290 52.060 52.095 52.130 52.165 52.200 52.235 52.270 52.305 52.340 52.375 52.410 1290
1300 52.410 52.445 52.480 52.515 52.550 52.585 52.620 52.654 52.689 52.724 52.759 1300
1310 52.759 52.794 52.828 52.863 52.898 52.932 52.967 53.002 53.037 53.071 53.106 1310
1320 53.106 53.140 53.175 53.210 53.244 53.279 53.313 53.348 53.382 53.417 53.451 1320
1330 53.451 53.486 53.520 53.555 53.589 53.623 53.658 53.692 53.727 53.761 53.795 1330
1340 53.795 53.830 53.864 53.898 53.932 53.967 54.001 54.035 54.069 54.104 54.138 1340
1350 54.138 54.172 54.206 54.240 54.274 54.308 54.343 54.377 54.411 54.445 54.479 1350
1360 54.479 54.513 54.547 54.581 54.615 54.649 54.683 54.717 54.751 54.785 54.819 1360
1370 54.819 54.852 54.886 1370
TYPE
Reference
Tables
N.I.S.T.
Monograph 175
Revised to
ITS-90
MAXIMUM TEMPERATURE RANGE
Thermocouple Grade
– 328 to 2282°F
– 200 to 1250°C
Extension Grade
32 to 392°F
0 to 200°C
LIMITS OF ERROR
(whichever is greater)
Standard: 2.2°C or 0.75% Above 0°C
2.2°C or 2.0% Below 0°C
Special: 1.1°C or 0.4%
COMMENTS, BARE WIRE ENVIRONMENT:
Clean Oxidizing and Inert; Limited Use in
Vacuum or Reducing; Wide Temperature
Range; Most Popular Calibration
TEMPERATURE IN DEGREES °C
REFERENCE JUNCTION AT 0°CK
Thermocouple
Grade
Nickel-Chromium
vs.
Nickel-Aluminum
Extension
Grade
+
–
+
–
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Appendix 9 – Vendor Contact Information 
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Appendix 10 – Manufacturing Procedures 
 
In excel, we will have detailed a build plan for each sub – assembly and their corresponding 
assembly plans. The following are the sub-assemblies that will have build plans. Attached is the 
master build plan with the chassis procedure. 
 
Chassis 
Coupling 
Actuators 
Switch 
Sensors 
Electronics 
Connection 
Wires 
Appendix 10
CUSTOMER: NASA Ames 
PART NAME: REPORT DATE:
PART NUMBER: COMPONENT / ASSEMBLY:
MODEL YEAR: 2009
Start date Finish date
1 M010 ‐ M017 Chassis Build ‐ cut extrusion, elbows, screw 
lengths & plate together
Band Saws, 
Wrenches
Mike & Catlin
2
Coupling Build ‐ manufacture rigid bar, 
magnets,
Mill, Band Saw, 
Wrench
Mike & Catlin
3
Actuator Build ‐ holes for actuators on plate, 
mount tube mount
Mill, Wrench Mike & Catlin
4 Load cell build ‐ hook load actuator to coupling Wrench Mike & Catlin
5 Sensor Build ‐ install sensors onto each test 
acutator, run wires too DAQ
Glue Mike & Catlin
6 Computer Build
MASTER MANUFACTURING PLAN AND REPORT - Stand by M.E.
TEST PLAN
TIMING
Part Numbers
Build 
No.
Action Description Tools Used NOTES
Test 
Responsibility
7
8
9
10
11
12
15
Page 1 of 4
Item No. 1 Date
Part No.'s  M010‐M017 Start Procd.
End Procd.
Personnel
Build No. Part No. Action Description Tools Used Hrs.
1
M011,M012,M013 Measure length of Chassis extursion, use tape measure and mark 
with pencil 1 mm longer than drawing specifies
Tape Measure
0.25
2
M011,M012,M013 Grip into Band Saw, check that vise is perpendicular to blade (use 
square), bring blade down to extrusion, ensure it will cut through 
mark
Horizontal Band Saw
1
3
M011,M012,M013 Turn on Saw, wait til lubrication is flowing, and slowly lower blade 
into part
Horizontal Band Saw
0.25
4
M011,M012,M013 Remove cut length and debur Debur tool
1
5
n/a Clean and dry all material, clean up machine Band Saw
0.5
6
M014 Measure 1" increments, follow similir procudre as extrusion cuts 
(1mm longer)
Tape Measure
0.25
7
M014 Grip into Band Saw, check that vise is perpendicular to blade (use 
square), bring blade down to extrusion, ensure it will cut through 
mark
Horizontal Band Saw
1.5
8
M014 Measure hold placement on each side, mark, clamp to press, 
obtain proper drill size 
Drill Press
2.5
9
M014 Debur all cuts, ensure T slot fastener can pass through Debur tool
2
10
n/a Clean and dry all material, clean up saw and press Band Saw, Drill Press
0.5
11
12
M010 Mill 1.5x1.5" slots out of each corner in plate Vertical Mill or Vertical 
Band Saw
13
M010 Mill 1/4 in holes for gusset support, tap 1/4 20 threads Vertical Mill or Drill Press
14
M010 Drill holes for all mounting
8
M011,M012,M013, 
M014, M015
Facilities Mike
see M014 Part Drawing
NASA Ames Stand Design Manufacture Procedure - Stand by M.E.
P/F ‐ Notes
see M011, M012, M013 Part Drawings
see part drawing
3/7/2009
ME Dept. Hangar
3/9/2009
Item No. 6 Date
Part No.'s  E001  Start Procd.
End Procd.
Personnel
Build No. Part No. Action Description Tools Used Hrs.
9
Replace PC HDD with SSD and reinstall Windows Screwdriver, PC 2
9
Install Labview PC 1
10
Solder all compoents of external VNH3SP30 motor driver board
Soldering Iron, Power 
Supply, Oscilloscope 3
11 Interface CalPoly mechatronics board with VNH3SP30 motor 
drivers PC, C++, avrdude 5
12 Write custom software to allow control of the VNH3SP30 motor 
drivers via USB PC, C++, avrdude 5
13
Construct quadrature encoder counter circuit and local oscillator
Soldering Iron, Power 
Supply, Oscilloscope 4
14
Write quadrature encoder counter custom driver and software PC, C++, avrdude 6
15
Construct linear potentiometer circuit
Soldering Iron, Power 
Supply, Oscilloscope 1
16 Interface linear potentiometer with CalPoly mechatronics board 
using custom software PC, C++, avrdude 1
P/F ‐ Notes
NASA Ames Stand Design Manufacture Procedure - Stand by M.E.
3/9/2009
3/7/2009
Facilities ME Dept. Hangar Austin
Item No. 2 Date
Part No.'s  M055 Start Procd.
End Procd.
Personnel
Build No. Part No. Action Description Tools Used Hrs.
9
M055 Acquire raw material 
9
M055 Notch recesses for the blocks 3‐axis knee mill
0.75
10
M055 Notch recesses for the magnets 3‐axis knee mill
0.75
11
M055 Debur all cuts Debur tool
0.25
12
M055 Drill holes for magnet and load cell Drill press
0.5
13
M055 Drill counter sink for load cell 3‐axis knee mill
0.5
14
M055 Drill counter sink for magnets 3‐axis knee mill
0.5
15
M055 Drill (8) mounting holes for block mounts Drill Press
1.5
16
M055 Counterbore block mount holes Drill Press
0.75
*
*
*
*
P/F ‐ Notes
From McMaster Carr (See BOM for details)
*Refer to Drawing ‐ M055 for all dimensions
*
*
*
NASA Ames Stand Design Manufacture Procedure - Stand by M.E.
3/9/2009
3/7/2009
Facilities ME Dept. Hangar Catlin
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Appendix 11 – Test Procedures 
 
Testing will occur as we progress towards completion. An attached sheet contains the master test 
plan with the test procedure for magnets. 
 
Magnets – move around sensors to see if signal attenuation occurs. 
Chassis – install into rack and check clearances 
Power – turn on all components. 
Actuator – use controller & central processor to move actuator nose 
Sensors – install sensors on actuator components and check if response is recorded. 
Data Access – verify profiles can be uploaded to actuator directory. 
  
Appendix 11
CUSTOMER: NASA Ames  DVP&R NUMBER:   DEPT. 
PART NAME: REPORT DATE: PLAN ORIGINATOR:
PART NUMBER: COMPONENT / ASSEMBLY: MANAGER:
MODEL YEAR: 2009 REPORTING ENGINEER:
Quantity Type Start date Finish date Test Result Quantity Pass Quantity Fail
1
24 ‐ Magnet Switch Use accelerometer, load cell, and 
thermocouple, while moving magnet
no difference in 
sensor output
Mike & Catlin CV
2
2 ‐ Temperature Test Place stand in cold room where temps reach ‐
10C
no fail Mike & Catlin DV
3
3 ‐ G Loads Vibrate stand, max 3 gs no fail Mike & Catlin DV
4
5 ‐ Moisture Place stand in walk in refrigerator for 1 hour no fail  Mike & Catlin DV
5 7 ‐ Weight Weigh stand fully built less than 30 kg Mike & Catlin DV
6 6 ‐ Install  Install stand in std 19" server rack no fail Mike & Catlin DV
7 11 ‐ Power Supply Supply to actuators no fail Mike & Catlin DV
8 Supply to controller no fail Mike & Catlin DV
9 Supply to DAQ no fail Mike & Catlin DV
10 Supply to storage no fail Mike & Catlin DV
11
12 ‐ Input load Tap aircraft control lines, receive data, compute 
force, position, velocity
no fail Mike & Catlin CV
12 13,20 ‐ EMA operate Run generic sinusodial wave through controller no fail Mike & Catlin CV
15 18 ‐ Output record Record temperature v time on storage  no fail Mike & Catlin DV
MASTER DESIGN VERIFICATION PLAN AND REPORT - Stand by M.E.
TEST PLAN
SAMPLES TESTED TIMINGSpecification or Clause 
Reference
Item
No
Test Description Acceptance Criteria NOTES
Test 
Responsibility
Test Stage
TEST RESULTS
TEST REPORT
16 22 ‐ Upload profiles Upload a position/velocity profile to controller no fail Mike & Catlin DV
17 22 ‐ Run profiles Run uploaded profile  no fail Mike & Catlin DV
18 23 ‐ Download Download recorded information from storage no fail Mike & Catlin DV
19 24 ‐ Switch Tell controller to switch test actuators no fail Mike & Catlin DV
20 27 ‐ Kill Switch While running, send signal to kill operation no fail Mike & Catlin DV
21 28 ‐ Cost Tally project cost less than $5000 Mike & Catlin DV
22
23
24
25
26
27
28
29
30
31
Note. Spec #'s refer to the requirement list
Page 1 of 2
Item No. 1 Date
Members Present Mike Other Personnel Prof. Ridgely
Part No.'s  M008, E007, E008, E009 Start Time
Other Components
Oscilliscope, shake table, connection wires, 
cantilever beam End Time
Facilities ME Dept. Vibrations Lab
Step No. Description Pass Criteria
1
Gather all required materials, set up lab time w/ Prof.
2
Plug accelerometer into oscilliscope, install on shake 
table.
3
Turn on shake table to arbitrary frequency and 
amplitude, record response
4
Place magnet equal distance from sensor as on stand, 
move along stroke
5
Record response of shake table with only anomaly 
being the magnet's movement.
no difference in 
response
6
Turn off shake table and return accelerometer
7
Install load cell, impose 25lb force
8
While still imposing load, move magnet equal 
distance from sensor as on stand, move along stroke
no difference in 
response
9
Return load cell
10
Install thermocouple, record constant temperature
11
During temperature capture, move magnet equal 
distance from sensor as on stand, move along stroke
no difference in 
response
12
Return thermocouple
13
14
15
NASA Ames Stand Design Test Procedure - Stand by M.E.
P/F ‐ Notes
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Appendix 12 – Software: C++ code and serial API 
Actuator Test Stand Microcontroller Serial API 
The Actuator Test Stand (ATS) microcontroller is responsible for controlling the duty cycle of each 
actuator motor driver and returning their position. The ATS microcontroller is controlled using 
serial over USB communication. It acts as dumb device that waits and responds to commands from 
the PC (call and response model). It never sends serial communication unless initiated by the main 
PC. The response may be useful information (encoder count) or null (to confirm communication). 
The length of the command parameters and response are determined by the preceding command.  
All commands follow this flow: 
1. PC sends a command to the microcontroller 
2. PC sends the command parameters (if any) 
3. Microcontroller reads the command 
4. Microcontroller reads the parameters 
5. Microcontroller executes the command 
6. Microcontroller sends the response to the PC 
7. PC reads the response 
The following is a list of serial commands used to communicate with the microcontroller: 
 
00 - No Operation 
Description 
Does nothing, but still responds; useful for verifying communication. 
 
COMMAND 
FORMAT 
 RESPONSE 
FORMAT 
Command Null 
00 00 
 
01 – Set Motor 0 Duty Cycle 
Description 
Sets the duty cycle of motor 0, the motor attached to Test Actuator X.  
 
COMMAND FORMAT  RESPONSE 
FORMAT 
Command Duty Cycle Null 
2 bytes, signed integer, -100 to +100 
01 XX XX 00 
 
02 – Set Motor 1 Duty Cycle 
Description 
Sets the duty cycle of motor 1, the motor attached to Test Actuator Y.  
 
COMMAND FORMAT  RESPONSE 
FORMAT 
Command Duty Cycle Null 
2 bytes, signed integer, -100 to +100 
01 XX XX 00 
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03 – Set Motor 2 Duty Cycle 
Description 
Sets the duty cycle of motor 2, the motor attached to the Load Actuator.  
 
COMMAND FORMAT  RESPONSE 
FORMAT 
Command Duty Cycle Null 
2 bytes, signed integer, -100 to +100 
01 XX XX 00 
 
04 – Brake Motor 0 
Description 
Ties the terminals of motor 0 to ground, the motor attached to Test Actuator X, causing it to brake. 
 
COMMAND 
FORMAT 
 RESPONSE 
FORMAT 
Command Null 
04 00 
 
05 – Brake Motor 1 
Description 
Ties the terminals of motor 1 to ground, the motor attached to Test Actuator Y, causing it to brake. 
 
COMMAND 
FORMAT 
 RESPONSE 
FORMAT 
Command Null 
05 00 
 
06 – Brake Motor 2 
Description 
Ties the terminals of the motor 2 to ground, the motor attached to the Load Actuator, causing it to brake. 
 
COMMAND 
FORMAT 
 RESPONSE 
FORMAT 
Command Null 
06 00 
 
07 – Get Encoder X Count 
Description 
Returns the encoder count of the x-axis, Test Actuator X 
 
COMMAND 
FORMAT 
 
RESPONSE FORMAT 
Command Encoder Count 
2 bytes, signed integer 
07 XX XX 
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08 – Get Encoder Y Count 
Description 
Returns the encoder count of the y-axis, Test Actuator Y 
 
COMMAND 
FORMAT 
 
RESPONSE FORMAT 
Command Encoder Count 
2 bytes, signed integer 
08 XX XX 
 
09 – Reset Encoder X Count 
Description 
Resets the x-axis encoder count, Text Actuator X 
 
COMMAND 
FORMAT 
 RESPONSE 
FORMAT 
Command Null 
09 00 
 
0A – Reset Encoder Y Count 
Description 
Resets the y-axis encoder count, Text Actuator Y 
 
COMMAND 
FORMAT 
 RESPONSE 
FORMAT 
Command Null 
0A 00 
 
//====================================================================================== 
/** \file  main.h 
 * Entry point for program execution, continues reads incoming serial commands and 
 * responds to them. 
 */ 
//====================================================================================== 
 
#include <stdlib.h>   // Standard C library 
#include <avr/io.h>   // You'll need this for SFR and bit names 
#include <avr/interrupt.h>  // Interrupt handling functions 
 
#include "DigitalIO.h" 
#include "AnalogIO.h" 
#include "Serial.h" 
#include "PWMTimer1.h" 
#include "PWMTimer2.h" 
#include "PWMTimer3.h" 
#include "MotorDriverVNH3SP30.h" 
#include "EncoderHCTL.h" 
 
#define CMD_SIZE 32 
 
#define SERIAL_TOUT 65000U 
 
Serial g_serial(9600, 1); //4800 9600 19200 38400 
 
/* 
ISR(USART_RXC_vect) 
{ 
 // Code to be executed when the USART receives a byte here 
 g_serial << "x"; 
}  
  Stand by MEE 
 
 
*/ 
 
int main () 
{  
 // Create motor0 = TestActuatorX 
 DigitalIO motor0CtrlA(&PORTA, &DDRA, &PINA, 1, OUT); 
 DigitalIO motor0CtrlB(&PORTE, &DDRE, &PINE, 0, OUT); 
 //DigitalIO motor01Diag(&PORTA, &DDRA, &PINA, 2, IN); // They both use the same diag bit 
 PWMTimer3 motor0PWM(0); 
 MotorDriverVNH3SP30 motor0(&motor0CtrlA, &motor0CtrlB, NULL, &motor0PWM); 
 
 // Create motor1 = TestActuatorY 
 DigitalIO motor1CtrlA(&PORTE, &DDRE, &PINE, 1, OUT); 
 DigitalIO motor1CtrlB(&PORTE, &DDRE, &PINE, 2, OUT); 
 //DigitalIO motor1Diag(&PORTD, &DDRD, &PIND, 7, IN); // They both use the same diag bit 
 PWMTimer3 motor1PWM(1); 
 MotorDriverVNH3SP30 motor1(&motor1CtrlA, &motor1CtrlB, NULL, &motor1PWM); 
 
 // Create motor2 = LoadActuator 
 DigitalIO motor2CtrlA(&PORTD, &DDRD, &PIND, 5, OUT); 
 DigitalIO motor2CtrlB(&PORTD, &DDRD, &PIND, 7, OUT); 
 DigitalIO motor2Diag(&PORTD, &DDRD, &PIND, 6, IN); 
 PWMTimer2 motor2PWM; 
 MotorDriverVNH3SP30 motor2(&motor2CtrlA, &motor2CtrlB, &motor2Diag, &motor2PWM); 
 
 // Create ADC used for the linear potentiometer 
 AnalogInput linearPot(0); 
 
 // Create the electromagnet control outputs 
 DigitalIO coupling1(&PORTD, &DDRD, &PIND, 2, OUT); 
 DigitalIO coupling2(&PORTD, &DDRD, &PIND, 2, OUT); 
 
 // Create the encoder object 
 DigitalIOPort data(&PORTC, &DDRC, &PINC, IN); 
 DigitalIO yNotX(&PORTA, &DDRA, &PINA, 5, OUT); 
 DigitalIO outputEnable(&PORTE, &DDRE, &PINE, 5, OUT); 
 DigitalIO select1(&PORTA, &DDRA, &PINA, 7, OUT); 
 DigitalIO select2(&PORTA, &DDRA, &PINA, 6, OUT); 
 DigitalIO resetX(&PORTA, &DDRA, &PINA, 3, OUT); 
 DigitalIO resetY(&PORTA, &DDRA, &PINA, 4, OUT); 
 //DigitalIO enable1(&PORTA, &DDRA, &PINA, 6, OUT); 
 //DigitalIO enable2(&PORTA, &DDRA, &PINA, 6, OUT); 
 //DigitalIO resetX; 
 //DigitalIO resetY; 
 EncoderHCTL encoder(&data, &yNotX, &outputEnable, &select1, &select2, NULL, NULL, 
&resetX, &resetY); 
 encoder.resetCount(EncoderHCTL::X); 
  
  
 // Enable interrupts 
  sei(); 
 
 
 
 while (true) 
 { 
  // Check the g_serial for incoming commands 
  if ( g_serial.check_for_char() ) 
  { 
   char cmd = g_serial.getch_tout(SERIAL_TOUT); 
    
   // Process the command 
   switch (cmd) 
   { 
    case 0x00: // No Op 
    { 
     g_serial.putchar(0x00); 
     break; 
    } 
    case 0x01: // Set motor0 duty cycle 
    { 
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     short high = (unsigned 
short)(g_serial.getch_tout(SERIAL_TOUT)) << 8; 
     short low = (unsigned 
char)(g_serial.getch_tout(SERIAL_TOUT)); 
     motor0.setDutyCycle(high|low); 
     g_serial.putchar(0x00); 
     break; 
    } 
    case 0x02: // Set motor1 duty cycle 
    { 
     short high = (unsigned 
short)(g_serial.getch_tout(SERIAL_TOUT)) << 8; 
     short low = (unsigned 
char)(g_serial.getch_tout(SERIAL_TOUT)); 
     motor1.setDutyCycle(high|low); 
     g_serial.putchar(0x00); 
     break; 
    } 
    case 0x03: // Set motor2 duty cycle 
    { 
     short high = (unsigned 
short)(g_serial.getch_tout(SERIAL_TOUT)) << 8; 
     short low = (unsigned 
char)(g_serial.getch_tout(SERIAL_TOUT)); 
     motor2.setDutyCycle(high|low); 
     g_serial.putchar(0x00); 
     break; 
    } 
    case 0x04: // Brake motor0 
    { 
     motor0.brake(); 
     g_serial.putchar(0x00); 
     break; 
    } 
    case 0x05: // Brake motor1 
    { 
     motor1.brake(); 
     g_serial.putchar(0x00); 
     break; 
    } 
    case 0x06: // Brake motor2 
    { 
     motor2.brake(); 
     g_serial.putchar(0x00); 
     break; 
    } 
    case 0x07: // Get encoderX position 
    { 
     // 32bit count 
     long int count = encoder.getCount(EncoderHCTL::X); 
      
     // Send the 32bit long int 8 bits at a time 
     g_serial.putchar((char)(count >> 24)); 
     g_serial.putchar((char)(count >> 16)); 
     g_serial.putchar((char)(count >> 8)); 
     g_serial.putchar((char)(count)); 
     break; 
    } 
    case 0x08: // Get encoderY position 
    { 
     // 32bit count 
     long int count = encoder.getCount(EncoderHCTL::Y); 
      
     // Send the 32bit long int 8 bits at a time 
     g_serial.putchar((char)(count >> 24)); 
     g_serial.putchar((char)(count >> 16)); 
     g_serial.putchar((char)(count >> 8)); 
     g_serial.putchar((char)(count)); 
     break; 
    } 
    case 0x09: // Reset encoderX position 
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    { 
     encoder.resetCount(EncoderHCTL::X); 
     g_serial.putchar(0x00); 
     break; 
    } 
    case 0x0A: // Reset encoderY position 
    { 
     encoder.resetCount(EncoderHCTL::Y); 
     g_serial.putchar(0x00); 
     break; 
    } 
    default: 
    { 
     g_serial.putchar(0xFF); 
    } 
   } 
  } 
 } 
   
 return 1; 
} 
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EncoderHCTL Class 
/** 
 * EncoderHCTL 
 * interfaces with a dual axis HCTL quadrature encoder counter 
 */ 
 
#include "EncoderHCTL.h" 
 
#include "rs232.h" 
extern rs232 g_serial; 
 
EncoderHCTL::EncoderHCTL(DigitalIOPort* data, 
   DigitalIO* yNotX, DigitalIO* outputEnable, 
   DigitalIO* select1, DigitalIO* select2, 
   DigitalIO* enable1, DigitalIO* enable2, 
   DigitalIO* resetX, DigitalIO* resetY) :  
 m_data(data), 
 m_yNotX(yNotX), 
 m_outputEnable(outputEnable), 
 m_select1(select1), 
 m_select2(select2), 
 m_enable1(enable1), 
 m_enable2(enable2), 
 m_resetX(resetX), 
 m_resetY(resetY) 
{ 
 *m_resetX = true; 
 *m_resetY = true; 
} 
 
long int EncoderHCTL::getCount(EncoderHCTL::Axis axis) 
{ 
 long int count = 0; 
 
 *m_enable1 = true; 
 *m_enable2 = false; 
 
 // Select the axis 
 switch(axis) 
 { 
  case X: *m_yNotX = false; break; 
  case Y: *m_yNotX = true; break; 
 } 
 
 *m_outputEnable = true; // Disable output - active low 
 //for (volatile unsigned int x=0; x < 50000; x++); // Wait 25ms !!TODO 
 
 // Read the most significant byte 
 *m_select1 = false; 
 *m_select2 = true; 
 *m_outputEnable = false; // Enable output 
 count |= ((unsigned long)getStableData() << 24); 
  
 // Read the 2nd most significant byte 
 *m_select1 = true; 
 *m_select2 = true; 
 count |= ((unsigned long)getStableData() << 16); 
 
 // Read the 3rd most significant byte 
 *m_select1 = false; 
 *m_select2 = false; 
 count |= ((unsigned long)getStableData() << 8); 
 
 // Read the least significant byte 
 *m_select1 = true; 
 *m_select2 = false; 
 count |= (unsigned long)getStableData(); 
 
 *m_outputEnable = true; // Disable output 
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 return count; 
} 
 
void EncoderHCTL::resetCount(EncoderHCTL::Axis axis) 
{ 
 DigitalIO* reset; 
  
 // Select the axis 
 switch(axis) 
 { 
  case X: reset = m_resetX; break; 
  case Y: reset = m_resetY; break; 
 } 
  
 *reset = false; 
 for (volatile unsigned int x=0; x < 1000; x++); // !!TODO: Wait for at least 1 encoder 
clock cycle  
 *reset = true; 
  
  
} 
 
unsigned char EncoderHCTL::getStableData() 
{ 
 unsigned char newData = 0x00; 
 unsigned char prevData = 0xFF; 
 while (true) 
 { 
  newData = m_data->get(); 
 
  if (newData == prevData) 
   return newData; 
 
  prevData = newData; 
 } 
} 
 
MotorDriverVNH3SP30 Class 
//====================================================================================== 
/** \file  MotorDriverVNH3SP30.cc 
 */ 
//====================================================================================== 
 
#include <stdlib.h>    // Include standard library header files 
#include <avr/io.h>    // You'll need this for SFR and bit names 
 
#include "MotorDriverVNH3SP30.h" 
 
/** 
 * This constructor sets up a VNH3SP30 motor driver given port mapping information 
 */ 
MotorDriverVNH3SP30::MotorDriverVNH3SP30(DigitalIO* ctrlBitA, DigitalIO* ctrlBitB, 
  DigitalIO* diagBit, PWM* pwm) : 
 m_ctrlBitA(ctrlBitA), 
 m_ctrlBitB(ctrlBitB), 
 m_diagBit(diagBit), 
 m_pwm(pwm) 
{ 
 setDutyCycle(0); 
 m_diagBit->setPullupResistor(true); 
} 
 
/** 
 * Sets the motor's duty cycle 
 * @param duty_cycle 255=full duty_cycle 0=break -255=full duty_cycle reverse 
 */ 
void MotorDriverVNH3SP30::setDutyCycle(short dutyCycle) 
{ 
 m_dutyCycle = dutyCycle; 
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 if ( m_dutyCycle >= 0 ) 
 { 
  if (m_dutyCycle > 255) 
   m_dutyCycle = 255; 
 
  m_pwm->setDutyCycle( (unsigned short)m_dutyCycle ); 
 
  // Set the motor to run clockwise 
  *m_ctrlBitA = true; 
  *m_ctrlBitB = false; 
 } 
 else 
 { 
  if (m_dutyCycle < -255) 
   m_dutyCycle = -255; 
 
  m_pwm->setDutyCycle( (unsigned short)(-1 * m_dutyCycle) ); 
 
  // Set the motor to run counter clockwise 
  *m_ctrlBitA = false; 
  *m_ctrlBitB = true; 
 } 
} 
 
 
/** 
 * Returns the motor's duty cycle 
 * @return duty_cycle 255=full duty_cycle 0=break -255=full duty_cycle reverse 
 */ 
short MotorDriverVNH3SP30::getDutyCycle() 
{ 
 return m_dutyCycle; 
} 
 
 
/** 
 * The motor brakes by tieing both poles high or low 
 */ 
void MotorDriverVNH3SP30::brake(bool high) 
{ 
 *m_ctrlBitA = high; 
 *m_ctrlBitB = high; 
} 
 
 
DigitalIO Class 
//====================================================================================== 
/** \file  DigitalIO.h 
 *  This is a wrapper class for io output bits, making them easier to construct, set, 
 *  and most importantly pass as pointers. 
 */ 
//======================================================================================   
 
#ifndef __DIGITAL_IO_H__ 
#define __DIGITAL_IO_H__ 
 
//#include <stdlib.h>    // Include standard library header files 
 
 
// Defines a couple utility macros used to manipulate a single bit in a byte (or longer) 
#define SET_BIT_TRUE(byte, bit) (byte |= (1 << bit)) 
#define SET_BIT_FALSE(byte, bit) (byte &= ~(1 << bit)) 
#define GET_BIT(byte, bit)  ((byte & (1 << bit)) >> bit) 
 
enum IO_DIRECTION { IN, OUT }; 
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/** 
 *  This is a wrapper class for a single io pin, making them easier to construct, set, 
 *  and most importantly pass as parameter pointers. 
 */ 
class DigitalIO 
{ 
public: 
 
 /** 
 * Constructs and initializes a pin as an input or output 
 * 
 * usage: IOPin(&PORTD, &DDRD, &PIND, 3, IOPin::OUT); 
 * 
 * @param dataRregister a pointer to the data register, exp: &PORTD 
 * @param dataDirectionRegister a pointer to the data direction register, 
 *                                  exp: &DDRD 
 * @param pinRegister a pointer to the pin register, exp: &PIND 
 * @param pin The number of bit shifts to access the desired pin, exp: 3 
 * @param inputNotOutput Sets the pin as either an input or output 
 */ 
 DigitalIO(volatile unsigned char* dataRegister, 
   volatile unsigned char* dataDirectionRegister, 
   volatile unsigned char* pinRegister, 
   unsigned char pin, 
   IO_DIRECTION direction) : 
  m_dataRegister(dataRegister), 
  m_dataDirectionRegister(dataDirectionRegister), 
  m_pinRegister(pinRegister), 
  m_pin(pin) 
 { 
  setDirection(direction); 
 
  // Setup direction dependent defaults 
  if ( direction == OUT ) 
   set(false); 
  else if ( direction == IN ) 
   setPullupResistor(true); 
 } 
 
 
 /** 
  * Sets the pin as an input or an output 
  */ 
 void setDirection(IO_DIRECTION direction) 
 { 
  if (direction == IN) 
  { 
   // Set the data direction register bit to 0 
   SET_BIT_FALSE(*m_dataDirectionRegister, m_pin); 
  } 
  else if (direction == OUT) 
  { 
   // Set the data direction register bit to 1 (output) 
   SET_BIT_TRUE(*m_dataDirectionRegister, m_pin); 
  } 
 
 } 
 
 /** 
  * Returns if the pin is an input or an output 
  */ 
 bool getDirection() 
 { 
  bool outputNotInput = *m_dataDirectionRegister & (1 << m_pin); 
 
  if (outputNotInput) 
   return OUT; 
  else 
   return IN; 
 } 
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 /** 
  * Sets the output 
  * 
  * Only valid when the pin is set an an output 
  * 
  * @param value take a guess... 
  */ 
 void set(bool value) 
 { 
  if (value) 
   SET_BIT_TRUE(*m_dataRegister, m_pin); 
  else 
   SET_BIT_FALSE(*m_dataRegister, m_pin); 
 } 
 
 
 /** 
  * Returns the status of the bit, true or false 
  * 
  * Only value when the pin is set as an input 
  * 
  * @return the status of the bit, true or false 
  */ 
 bool get() 
 { 
  return GET_BIT(*m_pinRegister, m_pin); 
 } 
 
 
 /** 
  * Sets the state of the pullup resistor 
  * 
  * @param pullup If true, the input is tied high via a pullup resistor 
  */ 
 void setPullupResistor(bool pullup) 
 { 
  if (pullup) 
   SET_BIT_TRUE(*m_dataRegister, m_pin); 
  else 
   SET_BIT_FALSE(*m_dataRegister, m_pin); 
 } 
 
 // Overload the set operator, allows the class to be treated as a bool 
 DigitalIO operator=(bool value){ set(value); } 
 
 // Cast operator, allows the bit to act as a bool, makes the class 
 // insanely easy and friendly, GG 
 operator bool() { return get(); } 
 
protected: 
 volatile unsigned char* m_dataRegister; 
 volatile unsigned char* m_dataDirectionRegister; 
 volatile unsigned char* m_pinRegister; 
 unsigned char m_pin; 
}; 
 
 
 
 
 
//------------------------------------------------------------------- 
 
 
/** 
 * This is a wrapper class for an entire 8 bit port, this class is only usefull when all 8 ports 
 * always have the same direction. All pins must be inputs at the same time 
 */ 
class DigitalIOPort 
{ 
 public: 
 DigitalIOPort(volatile unsigned char* dataRegister, 
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   volatile unsigned char* dataDirectionRegister, 
   volatile unsigned char* pinRegister, 
   IO_DIRECTION direction) : 
  m_dataRegister(dataRegister), 
  m_dataDirectionRegister(dataDirectionRegister), 
  m_pinRegister(pinRegister) 
 { 
  setDirection(direction); 
 
  // Setup direction dependent defaults 
  if ( direction == OUT ) 
   set(false); 
  else if ( direction == IN ) 
   setPullupResistor(true); 
 } 
 
 /** 
  * Sets the pin as an input or an output 
  */ 
 void setDirection(IO_DIRECTION direction) 
 { 
  if (direction == IN) 
  { 
   // Set the data direction register to all 0s (input) 
   *m_dataDirectionRegister = 0x00; 
  } 
  else if (direction == OUT) 
  { 
   // Set the data direction register to all 1s (output) 
   *m_dataDirectionRegister = 0xFF; 
  } 
 
 } 
 
 /** 
  * Returns if the pin is an input or an output 
  */ 
 bool getDirection() 
 { 
  bool outputNotInput = *m_dataDirectionRegister; 
 
  if (outputNotInput) 
   return OUT; 
  else 
   return IN; 
 } 
 
 /** 
  * Sets the output 
  * 
  * Only valid when the pin is set an an output 
  * 
  * @param value take a guess... 
  */ 
 void set(unsigned char value) 
 { 
  *m_dataRegister = value; 
 } 
 
 
 /** 
  * Returns the status of the bit, true or false 
  * 
  * Only value when the pin is set as an input 
  * 
  * @return the status of the bit, true or false 
  */ 
 unsigned char get() 
 { 
  return *m_pinRegister; 
 } 
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 /** 
  * Sets the state of the pullup resistor 
  * 
  * @param pullup If true, the input is tied high via a pullup resistor 
  */ 
 void setPullupResistor(bool pullup) 
 { 
  if (pullup) 
   *m_dataRegister = 0xFF; 
  else 
   *m_dataRegister = 0x00; 
 } 
 
 // Overload the set operator, allows the class to be treated as a bool 
 DigitalIOPort operator=(unsigned char value){ set(value); } 
 
 // Cast operator, allows the bit to act as a bool, makes the class 
 // insanely easy and friendly, GG 
 operator unsigned char() { return get(); } 
 
protected: 
 volatile unsigned char* m_dataRegister; 
 volatile unsigned char* m_dataDirectionRegister; 
 volatile unsigned char* m_pinRegister; 
}; 
 
 
 
 
 
 
#endif // __DIGITAL_IO_H__ 
 
 
PWMTimer1 Class 
//====================================================================================== 
/** \file  PWMTimer1.h 
 *  This classes uses the timer/counter 1 on the atmega128 as a 2 channel PWM. 
 */ 
//====================================================================================== 
 
 
#ifndef __PWM_TIMER_1_H__ 
#define __PWM_TIMER_1_H__ 
 
#include "PWM.h" 
 
/** 
 *  This classes uses the timer/counter on the atmega128 as a 2 channel PWM. 
 */ 
class PWMTimer1 : public PWM 
{ 
public: 
 /** 
  * The driver is setup specifically for this hardware 
  * 
  * @param port 0 or 1 
  */ 
 PWMTimer1(char port) 
 { 
  // Set to fast mode PWM 
  SET_BIT_FALSE(TCCR1B, WGM13); 
  SET_BIT_TRUE(TCCR1B, WGM12); 
  SET_BIT_FALSE(TCCR1A, WGM11); 
  SET_BIT_TRUE(TCCR1A, WGM10); 
  
  // Setup the prescaler 
  SET_BIT_FALSE(TCCR1B, CS12); 
  Stand by MEE 
 
 
  SET_BIT_TRUE(TCCR1B, CS11); 
  SET_BIT_TRUE(TCCR1B, CS10); 
   
  switch (port) 
  { 
   case 0: 
   { 
    // Set PWM bit as an output 
    SET_BIT_TRUE(DDRB, 5); 
  
    // Set what happens when the compare is a match 
    // -in this case: clear the pulse 
    SET_BIT_TRUE(TCCR1A, COM1A1); 
    SET_BIT_FALSE(TCCR1A, COM1A0); 
  
    m_ocr = &OCR1AL; 
  
    break; 
   } 
  
   case 1: 
   { 
    SET_BIT_TRUE(DDRB, 6); // Set PWM bit as an output 
  
    //SET_BIT_FALSE(TCCR1B, WGM13); 
    //SET_BIT_TRUE(TCCR1B, WGM12); // Set to fast mode PWM 
    
    // Set what happens when the compare is a match 
    // In this case, clear the pulse 
    SET_BIT_TRUE(TCCR1A, COM1B1); 
    SET_BIT_FALSE(TCCR1A, COM1B0); 
  
    m_ocr = &OCR1BL; 
  
    break; 
   } 
  } 
   
 } 
  
 /** 
  * Sets the duty cycle 
  * @param dutyCycle 0% -> 100% 
  */ 
 void setDutyCycle(unsigned char dutyCycle) 
 { 
  *m_ocr = dutyCycle*25/10; 
 } 
  
 /** 
  * Returns the duty cycle 
  * @return 0% -> 100% 
  */ 
 unsigned char getDutyCycle() 
 { 
  return *m_ocr; 
 } 
 
private: 
 volatile unsigned char* m_ocr; 
}; 
 
 
#endif // __PWM_TIMER_1_H__ 
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PWMTimer2 Class 
//====================================================================================== 
/** \file  PWMTimer2.h 
 *  This classes uses the timer/counter 2 on the atmega128 as a PWM. 
 */ 
//====================================================================================== 
 
 
#ifndef __PWM_TIMER_2_H__ 
#define __PWM_TIMER_2_H__ 
 
#include "PWM.h" 
#include "DigitalIO.h" 
 
/** 
 *  This classes uses the timer/counter on the atmega128 as a 2 channel PWM. 
 */ 
class PWMTimer2 : public PWM 
{ 
public: 
 PWMTimer2() 
 { 
  // Set PWM bit as an output 
  SET_BIT_TRUE(DDRB, 7); 
 
  // Set the Timer/Counter to fast mode PWM 
  SET_BIT_TRUE(TCCR2, WGM21); 
  SET_BIT_TRUE(TCCR2, WGM20); 
 
  // Set what happens when the compare is a match 
  // -in this case: clear the pulse 
  SET_BIT_TRUE(TCCR2, COM21); 
  SET_BIT_FALSE(TCCR2, COM20); 
 
  // Set the compare register pointer 
  m_ocr = &OCR2; 
  
  // Setup the prescaler 
  SET_BIT_FALSE(TCCR2, CS22); 
  SET_BIT_TRUE(TCCR2, CS21); 
  SET_BIT_TRUE(TCCR2, CS20); 
 } 
  
 /** 
  * Sets the duty cycle 
  * 
  * @param dutyCycle 0% -> 100% 
  */ 
 void setDutyCycle(unsigned char dutyCycle) 
 { 
  *m_ocr = dutyCycle*25/10; 
 } 
  
 /** 
  * Returns the duty cycle 
  * 
  * @return 0% -> 100% 
  */ 
 unsigned char getDutyCycle() 
 { 
  return *m_ocr; 
 } 
 
private: 
 volatile unsigned char* m_ocr; 
}; 
 
 
#endif // __PWM_TIMER_2_H__ 
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PWMTimer3 Class 
//====================================================================================== 
/** \file  PWMTimer3.h 
 *  This classes uses the timer/counter3 on the atmega128 as a PWM. 
 */ 
//====================================================================================== 
 
 
#ifndef __PWM_TIMER_3_H__ 
#define __PWM_TIMER_3_H__ 
 
#include "PWM.h" 
#include "DigitalIO.h" 
 
/** 
 *  This classes uses the timer/counter 3 on the atmega128 as a 2 channel PWM. 
 */ 
class PWMTimer3 : public PWM 
{ 
public: 
 /** 
  * The driver is setup specifically for this hardware 
  * 
  * @param port 0 or 1 
  */ 
 PWMTimer3(char port) 
 { 
  // Set to fast mode PWM 
  SET_BIT_FALSE(TCCR3B, WGM33); 
  SET_BIT_TRUE(TCCR3B, WGM32); 
  SET_BIT_FALSE(TCCR3A, WGM31); 
  SET_BIT_TRUE(TCCR3A, WGM30); 
   
  // Setup the prescaler 
  SET_BIT_FALSE(TCCR3B, CS32); 
  SET_BIT_TRUE(TCCR3B, CS31); 
  SET_BIT_TRUE(TCCR3B, CS30); 
   
  switch (port) 
  { 
   case 0: 
   { 
    // Set PWM bit as an output 
    SET_BIT_TRUE(DDRE, 3);  
     
    // Set what happens when the compare is a match 
    // -in this case: clear the pulse 
    SET_BIT_TRUE(TCCR3A, COM3A1); 
    SET_BIT_FALSE(TCCR3A, COM3A0); 
     
    m_ocr = &OCR3AL; 
    break; 
   } 
  
   case 1: 
   { 
    // Set PWM bit as an output 
    SET_BIT_TRUE(DDRE, 4); 
     
    // Set what happens when the compare is a match 
    // -in this case: clear the pulse 
    SET_BIT_TRUE(TCCR3A, COM3B1); 
    SET_BIT_FALSE(TCCR3A, COM3B0); 
     
    m_ocr = &OCR3BL; 
    break; 
   } 
    
   case 2: 
   { 
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    // Set PWM bit as an output 
    SET_BIT_TRUE(DDRE, 5); 
     
    // Set what happens when the compare is a match 
    // -in this case: clear the pulse 
    SET_BIT_TRUE(TCCR3A, COM3C1); 
    SET_BIT_FALSE(TCCR3A, COM3C0); 
 
    m_ocr = &OCR3CL; 
    break; 
   } 
  }   
 } 
  
 /** 
  * Sets the duty cycle 
  * 
  * @param dutyCycle 0% -> 100% 
  */ 
 void setDutyCycle(unsigned char dutyCycle) 
 { 
  *m_ocr = dutyCycle*25/10; 
 } 
  
 /** 
  * Returns the duty cycle 
  * 
  * @return 0% -> 100% 
  */ 
 unsigned char getDutyCycle() 
 { 
  return *m_ocr; 
 } 
 
private: 
 volatile unsigned char* m_ocr; 
}; 
 
 
#endif // __PWM_TIMER_3_H__ 
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Appendix 13 – Software: LabView block diagrams 
 
Actuator Test Stand LabView Library 
The following is an overview of custom Virtual Instruments (Vis) included in the LabView Actuator 
Test Stand (ATS) library.  
The core ATS VIs use the built in LabView VISA modules to communicate with the 
microcontroller using serial communication. This library abstracts the serial communication and 
allows engineers to control the ATS without managing low level serial communication. 
 
Main 
 
The Main.vi wraps the functionality of the SubVI’s into a working application. The serial 
connection is opened, the actuators are initialized, and an infinite feedback loop maintains the 
position of the selected test actuator. The coupling electromagnet of the selected test actuator is 
enabled and the other is disabled. The type of signal (sine or square), amplitude, frequency, and of 
offset of the test signal can be modified. When the Main.vi is stopped the actuators are stopped and 
the serial connection is gracefully closed. 
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Open 
 
Opens a serial connection with the microcontroller; all open connections should be cleanly 
closed using the Close VI before the program ends. 
 
The VISA serial resource is initialized with 9600 baud, 1 stop bit, no parity. 
An example of this VI’s usage is shown in Main.vi. 
 
 
Initialize 
 
Slowly retracts the given actuator until it is mechanically limited and then resets the 
corresponding encoder count to zero. Only the relative encoders on the test actuators need to be 
initialized. The load actuator uses absolutely positioning, therefore, it does not need to be initialized. 
An example of this VI’s usage is shown in Main.vi. 
  Stand by MEE 
 
 
 
 
 
Close 
 
Sets the duty cycle on all motors to 0%, cleanly closest the connection with the 
microcontroller, and releases the com port resource. 
An example of this VI’s usage is shown in Main.vi. 
 
 
 
SetDutyCycle 
 
Sets the duty cycle (speed) on the given actuator motor. 
 Input ranges from -100% to +100%. Negative values cause the actuator to retract, positive values 
cause the actuator to extend, and 0% causes the motor to sit idle. 
An example of this VI’s usage is shown in Main.vi. 
 
 
 
GetPosition 
 
Returns the linear position of the given actuator in meters. 
For the test actuators, the position is based on the radial encoder count. For the load actuator, the 
position is based on the linear potentiometer. 
An example of this VI’s usage is shown in Main.vi. 
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ResetPosition 
 
Resets the relative encoder count of the given actuator to zero. 
An example of this VI’s usage is shown in Initialize.vi. 
 
 
Switch 
 
Enables are disabled the electromagnet associated with each test actuator. Once enabled or 
disabled, the electromagnet remains in that state until changed. 
An example of this VI’s usage is shown in Main.vi and Initialize.vi. 
 
 
 
GetForce 
 
Returns the force on the load cell in Newtons. 
Positive force values correspond to a force vector pointing in the extended direction. 
An example of this VI’s usage is shown in Main.vi. 
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Call 
 
Interval VI used to communicate with the microcontroller via serial. Each call sends a serial 
command to the microcontroller then blocks execution while it waits for a response. 
 
 
 
